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ABSTRACT 
This ultrastructural investigation characterizes the structural 
organization of the vegetative cell of the freshwater, photosynthetic 
dinokont Peridinium inconspicuum (Lemmermann), with major emphasis on 
the longitudinal flagellum (LF) and the flagellar paraxial rod (PAR). 
Particular attention is also given to (1) the organization of the 
transverse flagellum, its mastigonemes and paraxonemal fiber complex, 
(2) the flagellar roots and surrounding organelles, i. e. stigma and 
peduncle, (3) the protruded peduncle, and its possible role as a 
phagotrophic apparatus, (4) the apical pore complex, which is unique to 
the peridinoid and gonyaulacoids, and (5) the trichocyst systems, and 
their discharging mechanism. 
The longitudinal (LF) and transverse flagella (TF) of dinokonts 
differ significantly in their structural organization, motility 
behaviors, and functions. The skeleton of the transverse flagellum is 
composed of a helical axoneme, a three-membered paraxonemal fiber 
complex (PAF), and a mastigoneme-anchoring fibril (MaF). The three PAF 
fibrils originate from the flagellar collar and are attached laterally 
to each other by fibrous connectives, with PAF2 connected to an axonemal 
doublet. The skeleton of the longitudinal flagellum is basically made 
up of a fairly straight axoneme, a hemicylindrical PAR, and flagellar 
dense bodies. The paraxial rod is made up of 500-600 hemicylindrical 
10-nm-wide filaments, originating from the transitional zone of the 
axoneme, and bound to axonemal doublets 7 and 8 along the length of the 
flagellum. The PAR has an amorphous center, and a paraxial rod fibril 
V 
(PARE') that lies parallel to the axoneme and within the PAR "wall". The 
surface of the transverse flagellum bears three different types of 
mastigonemes that are anchored to the MaF, whereas the longitudinal 
flagellum contains a fourth type of mastigoneme attached to the axoneme. 
The transverse flagellum beats in a helicoid pattern and appears to be 
the primary propulsive unit, whereas the longitudinal flagellum 
propagates planar waves and serves more as a steering unit. 
The PAR microarchitecture of Peridinium inconspicuum is compared 
with those reported in other PAR-bearing heterokont protists. i.e. 
euglenoids and kinetoplastids. The data suggest that the PAR of these 
diverse flagellates is most likely the same structure that has modified 
during the evolution of individual groups. 
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1. ULTRASTRUCTURAL ORGANIZATION OF DINOFLAGELLATES 
Dinoflagellate cell forms 
2 
The protistan dinoflagellates encompass a wide range of 
morphologies, partly due to the many life stages of their vegetative and 
sexual reproductive cycles (Pfeister & Anderson 1987). Forms of 
dinoflagellate cells include coccoid, filamentous, palmelloid, amoeboid, 
and the most prevalent of all, the mastigote condition. The 
dinoflagellate mastigote is typically ovoid to roundly fusiform with a 
pair of heterodynamic flagella. Based on flagellar arrangement, the 
mastigotes can be deliniated into three groups: dinokonts, desmokonts 
and opisthokonts (Taylor 1987c). The flagella of desmokonts emerge from 
an anterior pore, whereas the opisthokonts extend their flagella through 
a posterior pore. In the dinokonts, the two flagella emerge from the 
ventral surface and are situated in a groove and a depression on the 
cell surface. The transverse flagellum beats sideways in a cingular 
groove, and the longitudinal flagellum lies partly in a sulcal 
depression and beats posteriorly. The cingulum of the dinokonts, 
typically misaligned/displaced at the sulcus, divides the cell into an 
epicone and a hypocone (Fig. 1, see Appendix). 
Cell covering 
The dinoflagellate cell is enveloped by an elaborate cell 
covering, termed a theca or amphiesma or cortex, that consists of 
several layers: an outer membrane, flattened vesicles, and an inner 
membrane. Some species also have a reinforcing pellicle layer beneath 
3 
the vesicles that may contain polysaccharide (cellulose) and terpenoid 
polymer (sporopollenin). Dinokonts that lack cellulosic plates are 
termed athecate; those with them are termed thecate. The amphiesma may 
be coated with a glycoconjugate layer, mostly acidic polysaccharide 
(Klut et al. 1985, 1988), or organic body scales synthesized via the 
Golgi apparatus (Hansen 1989). The number and arrangement of thecal 
plates is the single most important character in the systematics of 
armored dinoflagellates. For more complete reviews of the 
dinoflagellate amphiesma and its application to dinoflagellate 
systematics and evolution, see Morrill and Loeblich (1983), Netzel and 
Durr (1984), Loeblich (1970), and Taylor (1980a). 
The di nocaryon nucleus 
The dinoflagellate nucleus is generally large and conspicuous; in 
some species, e.g. scrippsiella trochoidea, Gonyaulax polyedra, �­
excayata, it may constitute up to 50-60% of total cell volume, as 
determined by stereological and morphometric analyses (Costas et al. 
1988). The dinocaryon nucleus is bounded by a double membrane with 
numerous nuclear pores of three arrangements: rows of pores that are 
randomly arranged, or closely packed, or more elaborately vesiculated 
(Seyer 1969, Seyer & Escriag 1980, Wecke & Giesbrecht 1970, Zingmark 
1970a). Internally, the nucleus contains three major components: 
chromosomes of DNA fibrils with few histone-like proteins, a nucleolus 
with both granular and fibrillar zones, and nucleoplasm (Spector 1984a, 
Dodge 1984a). One of the most striking features of the dinoflagellate 
nucleus is that it contains "permanently" condensed chromosomes. Based 
4 
on a recent analysis by polarizing microscopy, the chromosomes have been 
superficially classified into three types: A. positive birefringence, 
condensed state, and lacks proteins, B. half-positive-half-negative 
birefringence, necklace chromosome, no or few proteins, C. negative 
birefringence, loosely gathered filament bundles, few proteins (Cachon 
et al. 1989). 
Chloroplast structure 
Photosynthetic dinoflagellates possess chlororoplasts that are 
bounded by a three-membrane envelope not having connections to any other 
organelles. The lamellae are generally composed of three closely 
appressed thylakoids and tend to lie parallel to each other. However, 
some species exhibit radial or lamellar branchings of a pair of 
thylakoids. Distinct granular regions of the chloroplast stroma are 
termed pyrenoids, which are of two categories: those contained within 
the plastid outline, and those that have protruded. Pyrenoids may also 
be branched/stalked or unbranched. Using correlative DNA-specific 
fluorochrome DAPI labelling and TEM, Kite and Dodge (1985) showed that 
plastids of Katodinium foliaceum and Gyrodinium aureolum possess 
peripheral DNA rings and isolated point nucleoids. Chloroplasts make up 
11-24 % of total cell volume (Costas et al. 1988). 
Mitochondria structure 
The mitchondria of dinoflagellates have tubular cristae with 
constricted necks, and DNA and crystalline bodies in the stroma (Dodge & 
Greuet 1987). In some species, the mitochondria are highly variable in 
5 
shape, e. g. Gonyaulax polyedra (Herman & Sweeney 1979). On the other 
hand, serial reconstruction of vegetative cells of Prorocentrum minimum 
indicates that they contain a major reticulated mitochondrion and 
several satellite mitochondria (Malcolm & Wetherbee 1987). In 1988, 
Costas et al. demonstrated that the mitochondrial volume varies, ranging 
from 5% to 14% of cell volume. However, the number of mitochondria per 
unit of cell volume of five dinoflagellate species remains constant at 
ca. 0. 09 mitochondria/um3. 
A number of other organelles in the dinokont cell are described in 
Part II, including the pusule, phagotrophic apparatus, apical pore 
complex, trichocysts and the stigma. The flagella and associated 
organelles are characterized in more detail in Part III. A summary of 
pertinent literature concerning ultrastructural cell biology of 
dinoflagellates is presented in Table 1 (all Tables are in the 
Appendix). 
2. ULTRASTRUCTURAL ORGANIZATION OF PROTISTAN FLAGELLA 
Flagella and cilia in protists 
6 
Flagella or cilia are found in most protists at some motile stages 
of their life cycle. From lower to higher protists to multicellular 
plants and animals, flagella and cilia appear to be remarkably conserved 
in their structure and function. Due to their highly conserved nature, 
these organelles have served as indicators of phylogenetic relationships 
and as such have been especially useful in unraveling the phylogeny of 
some of the protists. In fact, the configuration of the flagellar roots 
is currently a major and integrative criterion in assessing the 
phylogeny of some taxa, such as the Chlorophyta (Mattox & Stewart 1984) 
and the Ciliophora -(Grain et al. 1988). 
Basic structural organization of the protistan flagella 
The protistan flagellum is basically composed of an axoneme, 
enclosed by a membrane and anchored to the body of the cell by a root 
system. At the basal region of the flagellum, a system of microtubules 
or striated fibers is attached to the basal bodies and forms a 
characteristic flagellar root configuration. In some groups of 
flagellates, the roots extend deep into the cell and become associated 
with the nuclear envelope, e.g. chrysophytes, or curve back toward the 
surface of the cell and join with the submembrane skeleton complex, e.g. 
euglenophytes and dinophytes. At the transitional region, the typical 
"9 + 2"  axoneme originates from the transitional zone, travels the 
length of flagellum, and terminates at the distal tip. Thus, the 
7 
flagellum grossly appears as a long and flexible cylindrical projection 
from the body of the protists. 
Modifications in the protistan flagella 
From this basic organization, a number of modifications have 
occurred in some protists, at every region of the flagellum, 
significantly altering its morphology, beating patterns and perhaps 
functions. At the basal region, the length, position and orientation of 
the basal bodies and roots are varied, as different structures may be 
added to the root apparatus, e.g. multilayered structure in the 
chlorophytes or fibrous bodies in the dinoflagellates. The transitional 
region can be elaborated with a complex system of ring plugs, diaphragms 
and layers of discs and plates (Hibberd 1979). Furthermore, the 
fl agellar membrane can be externally decorated with arrays -of 
appendages, such as the various types and arrangements of mastigonemes, 
scal es and spines (M0estrup 1982), while undergoing internal 
specialization as suggested by ordered patterns of intramembrane 
particles associated with specific internal structures (Melkonian 1983, 
Melkonian et al. 1982). Even with the conservative "9 + 2" axoneme, 
cases of reduced, or rotated, central tubules, arms and peripheral 
doublets have been reported (M0estrup 1982, Melkonian & Preisig 1982, 
Grain et al. 1988). However, one of the more obvious modifications of 
the flagellum is probably the acquistion of diverse internal accessory 
components, i.e. intraflagellar dense bodies and paraxial rods (PAR) 
and paraxial fibers (PAF), with the consequent drastic alteration of 
8 
its basic morphology, (i. e. , cylindrical shape is replaced with ribbon­
like or winged forms) and perhaps also a change in its function. 
Euglenoid/kinetoplastid ass emblage 
Although flagella and cilia are highly conserved and are found 
universally in biological systems, the PAR and the PAF have been 
reported only in the Kinetoplastids, Euglenophytes, Dinophytes, 
Pedinellids, and several flagellates of uncertain affinities, such as 
Bicoeca, Proteromonas, and Katomorpha (Cachon et al. 1988a, M0estrup 
1982) (Table 2). Two of these major flagellate groups, the euglenoids 
and kinetoplastids, appear to have close affinities, as supported by 
growing evidence from recent taxonomic and phylogenetic studies. In 
1984, Corliss grouped the euglenoids, trypanosomes and related 
zooflagellates in a new supergroup, the Euglenozoa. In the same year, 
based on a number of presumed structural homologies (see Table 3 for 
structural similarities and differences), Kivic and Walne (1 984) 
proposed that not only do these two groups share a close phylogenetic 
affiliation, but the euglenoids probably have their origin in the 
trypanosomatid/bodonid zooflagellates, or their precursors. Since then, 
additional structural (Farmer & Triemer 1988, Willey & Wibel 1985a, 
1985b, 1987, Willey et al. 1988) and biochemical studies (Hori & Osawa 
1986, Gallo & Schrevel 1985, Gunderson et al. 1986, Kumazaki et al. 
1983, Russell et al. 1983) (Table 4) have been published in support of 
the proposed phylogenetic relationship between the euglenoids and 
kinetoplastid zooflagellates. 
9 
Probable phylogenetic affinities between the euglenoids and 
the dinoflagellates 
It  has also been suggested that the euglenoids and the 
dinoflagellates have possible phylogenetic connections (Kivic & Walne 
1984, Taylor 1980, Triemer 1982, Willey et al. 1988) due to the 
following similarities: (1) flagella containing PAR, (2) flagella 
decorated with nontubular mastigomes, (3) patterns of mitosis, and (4) 
chloroplasts bounded by three membranes and thylakoids arranged in 
groups of three. In addition, they possess (5) cytoplasmic stigmata, 
with or without surrounding membrane, positioned near the reservoir or 
flagellar pocket, and ( 6) phagotrophic apparatus supported by 
microtubular bands which become associated directly or indirectly with 
the reservoir skeleton and flagellar root apparatus. However, the 
possible affinities between the euglenoid/ kinetoplastid assemblage to 
the dinoflagellates remain obscure. 
To assess this phylogenetic enigma, the most prominent character 
shared among the groups appears to be the possession of PAR and PAF. 
Since the flagellum plays such an important role in the survival of 
these organisms, i. e. in cell motility (Table 5), in phototrophic, 
phagotrophic and osmotrophic responses, and also in sexual recognition, 
a major modification in its structural organization probably indicates a 
significant adaptation or reduction step in the evolution of the 
protists. Thus, the paraxial rod and fiber may be a valid criteria on 
which to base phylogenetic relationships and warrant additional detailed 
examinations of their ultrastructural organization and biochemistry. 
10 
The primary goal of this investigation is to characterize the 
structural organization of the dinokont, Peridinium inconspicuum, with 
special emphasis on the microarchitecture of the longitudinal flagellum. 
An evaluation of the structural similarities and differences of the PAR 
in euglenophytes and dinophytes will be utilized to assess the validity 
of this structure as a phylogenetic character for a larger superphyletic 
assemblage that would include the kinetoplastids, euglenoids and 
dinoflagellates. 
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Leadbeater and Dodge 
Dodge 
Mornin and Francis 
Dodge and Crawford 
Dodge and Crawford 
Described the internal structure of 
t h e  marine d i n o f lagel late 
woloszynskia . 
Examined the fine structure of a new 
dinof lagellate, Aureodinium 
pigmentosum and noted the stalked 
pyrenoids. 
Reported the fine structure, complex 
eyespot and cnidocysts Nematodinium 
armatum,. 
Examined the detailed ultrastructure 
of Amphidinium carteri . Noted the 
polysaccharide cap surrounding the 
pyrenoids and the close association 
between the pusule system and 
flagellar canal. 
Reported the f irst electron 
microscopical study of a freshwater 
dinoflagellate, Gymnodinium fuscum. 
Observed the elaborate nuclear 
envelope and the complex pusule 
system. 
D at e  
1969  
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Author 
Messer and Ben-Shaul 
Crawford et al. 




Dodge and Crawford 
Leadbeater 
Schmitter 
Contribut i on 
Studied the fine structure of an 
armored, freshwater dinoflagellate 
Peridinium westii . Described the 
structure of charged and discharged 
trichocysts and the intraplastidic 
stigma. 
Examined the fine structure and 
ecology of woloszynskia tenuissimum. 
Observed the extraplastidic stigma 
with membrane-bounded layers of 
globules. 
Redescribed the arrangement of 
organelles , internal and external 
morphology of the flagellar canal 
region of ceratium hirundinella . 
Examined the membranous systems in 
the dinoflagellate Gymnodinium 
ne�lectum with focus on the cortical 
vesicles , muciferous bodies and 
pusule. 
Reviewed fine structure of the 
Dinophyceae. Discussed the unusual 
st r u c t u r e s  f o u n d i n  t h e  
dinoflagellates, i.e . , trichocysts, 
transverse flagellum ,  theca and 
pusule. 
Documented the presence of a 
mesokaryotic and a eucaryotic 
nucleus in Glenodinium foliaceum. 
Studied the general structure of the 
"primitive" holozoic dinoflagellate 
oxyrrhis marina .  Confirmed that 
Oxyrrhis contains a mesokaryotic 
nucleus, but lacks a pusule system. 
Illustrated that the mastigonemes in 
the dinoflagellate Woloszynskia 
micra originated from dilations of 
the nuclear envelope and ER . 
Described the cytology of the 
h o l o p h y t i c ,  b i o l u m in e sc e nt 
dinoflagellate Gonyaulax polyedra. 
Observed peripheral network of 
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Author 
Gaudsmith and Dawes 
Bibby and Dodge 
Dodge and Bibby 
Dodge 
Crawford and Dodge 
Faust 
Jeffrey and Vesk 
Lee 
Contribution 
polyvesicular vesicles and a large 
accumulation body which is suggested 
to be associated with intracellular 
digestion. 
Surveyed the general ultrastructure 
of six marine dinoflagellates: 
Gonyaulax polye dra, � - monilata, 
Prorocentrum �racile, Protoceratium 
reticulatum, Pyrodinium bahamense 
and Gymnod,inium splendens. 
Surv�yed the m icrobodies from 
thirteen genera of dinoflagellates. 
Noted a membraneous reticulate 
structure closely associated with 
the microbodies. 
Surveyed the fine structure of 3 
species of Prorocentrum and five 
species of Exuyiaella. Supported 
the incorporation of the genus 
Exuyiaella into Prorocentrurn .  
Redescribed the simple morphology of 
Gymnodinium simplex. Confirmed the 
presence of a sulcus and the absence 
of pyrenoids. 
Studied the fine structure of 
Woloszynskia coronata. Observed 
that the st igma is extra­
chloroplastidic and not contained 
within a membrane. 
Character ized the det a iled  
micromorphology and skeleton of the 
flagellar  p o re reg ion  of  
Prorocent rum mariae-lebouriae. 
Re invest igated the  spatial 
organization of the membrane-bounded 
algal endosymbiont in Peridinium 
foliaceum. 
Described the microtubular band in 
the peduncle, and the mastigoneme 
arrangement of the transverse 
flagellum in the heterotrophic 
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Author 
Steidinger et al. 
Spector and Triemer 
Steidinger and Cox 
Morrill and Loeblich 
Spector et al. 
Morey-Gaines 
Wilcox et al. 
Spector 
Contribution 
Characterized the general ultra­
structure of t he red tide 
dinoflagellate �nodinium � -
Described a n d  compared the 
vegetative cell micromorphology of 
Peridiniurn cincturn f. ovoplanurn to 
several other dinoflagellates 
examined. 
Summarized the structural informa­
tion on free-living dinoflagellates. 
Emphasized that environmental 
parameters and culture conditions 
can affect ultrastructure. Proposed 
a phylogeny of the dinoflagellates 
based on the results of multiple 
endosymbiotic events with pigmented 
flagellates. 
Surveyed 35 dinoflagellate species 
for body scales in which only 3 
species bear the Heterocapsa-type of 
scales. 
Investigated the fertilization of 
Peridinium cinturn f. ovoplanurn with 
light · and electron microscopy. 
Recorded the detailed structure of a 
fertilization tube forming along the 
sulcus during gamete fusion. 
Described the morphology of the 
naked chain-forming dinoflagellate 
Gyrnnodinium catenatum. Suggested 
the close affinity of this naked 
dinoflagellate with members of the 
thecate genus Protogonyaulax . 
Described detailed ultrastructure of 
Amphidinium, cryophilum, and provided 
detailed information on the 
flagellar roots, striated flagellar 
collar and the pigmented extruding 
peduncle. 
Reviewed the information on "unusual 
inclusions" in the dinoflagellate, 
which were separated into 
cytoplasmic and nuclear inclusions. 
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Author 
Wedemayer and Wilcox 
Kite and Dodge 
Timpano and Pfeister 
Dodge and Greuet 
Spero 
Contribution 
reported structures in the 
dinoflagellates such as viruslike 
bodies, paranuclear body, storage 
bodies and intranuclear microcables . 
Examined the ultrastructure of the 
freshwater, colorless dinoflagellate 
Peridinio,pis berolinense . Observed 
a transitional helix in the 
longitudinal flagellum, fine 
subsulcal fibers, flagellar collared 
pits and fibrillar lamellae. 
Determined and compared the 
structur�l organi zation of plastid 
DNA in the anomalously pigmented 
dinoflagellates Gl e n odin ium 
foliaceum and Gyrodinium aureolum to 
the diatom Asterionella formosa and 
the haptophyte Emiliana huxleyi, 
respectively. Documented the 
presence of peripheral rings of DNA 
in � - foliaceum and A. formosa which 
supports the notion that the former 
species harbors an endosymbiotic 
diatom. 
Presented a fine structural study of 
the  immobile  p hy todin alean 
Cystodinium batayiense. Reported 
the absence of external membrane, 
thecal pores and external opening of 
the pusule system. 
Synthesi z ed and presented the 
current  k n o w l ed g e  o n  t h e  
ultrastructure of the Dinophyceae. 
Reasserted  the  view  t hat  
dinoflagellates have many unique 
ultrastructural features, including 
some very elaborated organelles, 
such as the ocelloids, nematocysts 
and pistons. 
Isolated and characteri zed the 
ultrastructure and behavior of 
Gymnodinium he..i:i., a symbiotic 
dinoflagellate with the planktonic 
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Author 
Watanabe et al. 
Costas et al. 
Hallegraeff and Lucas 
Horiguchi and Pienaar 
Larsen 
Gardiner et al. 
Contribution 
Investigated the morphology, fine 
structure of chloroplast, pigment 
analysis of a green, scaly and 
gymnodinoid dinoflagellate. 
Conducted a comparative morphometric 
study of six dinoflagellates using 
stereological techniques. Analyzed 
and compared the inter specific 
ultrastructural distance coefficient 
(DC) of different species and 
different clones of the same 
species. Revealed that ultrastruc­
tural organization of dinoflagel­
lates is identical in clones and 
closely related to their phylogeny. 
Surveyed the morphology of some 
thirty Dinqphysis species. Proposed 
a generic distinction between 
D inophys is  and P halacroma. 
Redefined the phylogenetic relation­
ships within the dinophysoid dino­
flagellates. 
Described a new sand-dwelling 
dinoflagellate, Scripps ie l la 
arenicqla, which contains several 
unreported structures: thread-like 
fibers in the LF at the sulcal 
region that anchor mastigonemes, an 
apical pore with a stub-like 
structure . 
Redescribed Amphidinium poecilo­
chrqum as a phagotrophic species 
that ingests small cryptophytes by 
myzocytosis. Demonstrated that its 
weakly developed peduncle forms the 
feeding tube and the phagocytotic 
vacuoles strikingly resemble the 
endosymbiont reported in other dino­
flagellates. 
Reported that Gyrodinium estuariale 
contains well-developed pusule and 
thecal plates, and a paraxial rod in 
a flagellum. 
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Author 
Kelley and Pfeister 
Xiaoping et al. 
Contribution 
Examined the morphology of vege­
tative cells and reproduction of the 
Gloeodinicean Gloeod,inium montanum. 
Compared the ultrastructure of 
vegetative, plano zygote and cyst 
cells of the marine dinoflagellate 
Sc rippsiella .s.Jl.. Noted the 
accumulation of storage materials 
for encystment in the planozygotic 
stage. 
Description of Symbiotic and Para·sitic Dinoflagel late s 
Tomas and Cox 
Tomas et al. 
Hollande 
Siebert and West 
Sweeney 
Reported Peridinium balticum con­
taining a mesocaryotic and an 
eucaryotic nucleus. Suggested that 
the mesocaryotic and eucaryotic 
nucleus closely resembled the 
dinocaryotic and nocticaryotic 
types, respectively. 
Investigated the ultrastructure of 
the symbiotic dinoflagellate 
Peridinium baltic um and its 
chrysophyte- like endosymbiont. 
Proposed that photosynthetic 
dinoflagellates are derived from 
heterotrophic forms by means of a 
chrysophyte endosymbiont. Described 
the development of accumulation 
bodies into peripheral storage 
bodies. 
Studied the parasitic dinoflagel­
lates synidium glohi forme and 
Solenodinium fallax at different 
stages of their life cycles. 
Proposed the inclusion of the multi­
cellular parasitic protist Haplozoon 
axiothellae in the Dinophyceae based 
on a complete ultrastructural char­
acterization of its trophocyte, 
gonocyte and sporocyte. 
Compared the fine structure of 
Noctiluca miliaris which contains 
the green flagellate endosymbiont 
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Author 
Tripodi and Santisi 
Wilcox and Wedemayer 
Wilcox 
Blanco and Chapman 
Cachon and Cachon 
Trench 
Schnepf et al. 
Contribution 
Ped.inomonas noctilucae with the non­
symbiotic European strain. 
Characterized the cell covering of 
the endozoic dinoflagellate 
S�iodinium, microadriaticum living 
in the octocoral Eunicella. 
Documented the first symbiosis 
involving a dinoflagellate, 
Gymnodin ium aci dotum, and a 
cryptomonad endosymbiont. Also re­
ported endosymbiotic bacteria in the 
dinoflagellate host. 
Observed prokaryotic endosymbionts 
in the chloroplast of the freshwater 
dinoflagellate Wolos zyn skia 
pascheri. Correlated this observa­
tion to the "Endosymbiotic Theory". 
Examined the ultrastructuralfeatures 
of Amphidium klebsii, an endo­
symbiotic dinoflagellate of the 
acoelous turbellarian Amphiscolops 
sp. 
Reviewed ultrastructural information 
on the parasitic dinoflagellates 
with emphasis on the vegetative 
phase, reproduction and nuclear 
structure. Reclassified this group 
of parasites into three principal 
zoological orders, Blastodinida, 
Duboscquodinida, Syndinida , and 
recognized that members of Dinococ­
cida has parasitic propensities. 
Reviewed the current information of 
non-parasitic, symbiotic dinoflagel­
lates. Discussed the structural and 
metabolic interactions between the 
hosts and symbionts. 
Noted that the blue-green dino­
flagellate Gymnodinium, aeruginosum 
(= ii. -aci dotum ) contains a 
vestigial, anucleate, cryptophycean 
endosymbiont, but does not possess a 
peduncle. 
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Author 
Cachon and Cachon 
Cachon et al. 
Brown et al. 
Roberts et al. 
Roberts et al. 
Bouck and Sweeney 
Contributi on 
Cyto skeleton 
Suggested that contractile non-actin 
filaments in Kofoidinium generates 
cell contraction of three types: 
morphogenetic, vi sceral, and 
somatic. 
Examined the cortical fibrillar 
cytoskeleton, made up of 2-3 nm 
filaments, of unarmoured dinoflagel­
lates. Suggested that the fibrillar 
skeleton has two possible functions: 
maintenance of cell shape and 
motility. 
Described the cytoskeletal micro­
tubularsystem of some naked dino­
flagellates, including Qxyrrhis 
marina, Gymno dinium coeruleum, � ­
cucu mis ,  Gyrodinium spirale ,  � ­
fusiforme, cochlodinium constrictum 
and � - strangulatum. 
Utilized immunocytochemical micro­
scopy to vi sualize the whole 
microtubular cyto skeleton of 
Arophidinium, rhynchocephalum, Gymno­
dinium san guineum and Gymnodinium 
.$12· Suggested that the microtubular 
cytoskeleton is  involved in the 
maintenance of cell shape in the 
gymnodinoid dinoflagellates. 
Investigated the sub-thecal micro­
tubular cytoskeleton of Arophidinium 
rhynchocephalum. Reported a fibrous 
ventral ridge located between the 
exit apertures of the transverse and 
longitudinal flagella and suggested 
a role in stimuli transmission to 
this structure. 
Tri chocyst 
Characterized the detailed struc­
ture, origin and ontogeny of 
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Author 





Vesk and Lucas 
Dodge 
Contributi on 
Prorocentrurn rnicans, scripsiella 
sweeneyi and Gyrnnodiniurn nelsonii. 
Supported the hydration theory of 
trichocyst discharge, i.e. an influx 
of water breaks down the crystalline 
architecture of charged trichocyst 
and allows re-crystallization of the 
protein to form in the discharged 
trichocyst. 
Isolated and described the striation 
pattern, packing organization and 
amino acid profile of the 
trichocysts in the freshwater 
dinoflagellate Peridinium westii. 
Examined and presented a three­
dimensional model of the trichocyst 
shaft in Pror ocentrum micans. 
Concluded that the shaft has four 
morphologically different sides with 
a periodicity of 100 nm. 
Described the trichocyst sheath of 
Proroc entrum micans as an amphoric 
structure made up of long granular 
filaments running the length of the 
crystalline core and coiling into 
helices. Reported the trichocyst 
apical ring is contained within the 
trichocyst membrane. 
Demonstrated that actin is not 
present in the trichocyst core of 
Prorocentrum, rnicans by immunocyto­
chemical methods. 
Reported a rod- or thread-like 
organelle, termed the rhabdosome, in 
the dinoflagellate Pi nophy sis 
acuminata. 
Grouped algal "eyespots" into five 
basic types: a) intraplastidic and 
independent of the flagellar ap­
paratus - Chlorophyceae, Prasino­
phyceae and Cryptophyceae, b) intra­
plastidic and associated with the 
flagellar apparatus - Chrysophyceae, 
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Author 
Dodge and Crawford 
Withers and Haxo 
Dodge 
Dodge and Hermes 
Contributi on 
stigma a djac ent to  flagella ­
Euglenophyceae and Dinophyceae, d) 
Stigma/lamellar complex adjacent to 
flagella - Glenodinium, foliaceum, e) 
Ocelli - Dinophyceae. 
Stigma 
Exam�ned the "eyespot"  of Gleno ­
di ni um f oli ac eum as a semi­
trapezoidal organelle closely packed 
with hexagonal osmiophilic granules 
80-200 nm in diameter and closely 
associated with a lamellar body 
lying beneath it. Proposed that the 
stigma serves as a shading device 
for the lamellar body in photo­
reception. 
Isolated the stigmatic granules of 
Peridinium (=Glenodinium) foliaceurn. 
Determined the globules are rich 
with carotenoids a n d  their 
precursors as well as lipids such as 
hydro carbon, wax ester, tri­
glyceride. 
Examined the simple dinoflagellate 
stigmata and grouped them into three 
types: independent and not membrane 
bound, independent and bound by 
three membranes, and located at the 
periphery of a chloroplast . 
Proposed that the stigma and the 
longitudinal flagellum coordinate 
phototactic control of cell move­
ments. Accounted the similarities 
in stigma of Dinophy ceae and 
Euglenophyceae to parallel evolu­
tion. 
Described and classified the apical 
pore complex of fifteen genera of 
marine dinoflagellates, based on 
SEM. Introduced the terminology for 
the thecal plates of the apical pore 
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Author Contribut i on 
Apical Pore Complex 
Roberts et al. 
Horiguchi and Pienaar 
Reported a striated fibrous complex 
originating from the fibrous ring of 
the apical pore complex to radiate 
posteriorly and terminate midway 
between the apical pore and the 
cingulum in Heterocapsa �ygmeae and 
scrip_psiella sweeneyae. 
Reconstructed the apical pore 
complex of a newly reported sand­
dwelling dinoflagellate, Scrip­
psiella arenicola, that contains two 
major components: a striated apical 
conical collar and a stub-like 
structure. 
Pusular System 
Cachon et al. 
Dodge 
Cachon et al. 
Klut et al. 
Reported the expulsion of particles 
from the sulcal area of Oodinium and 
proposed that the pusule serves as 
an excretory organelle. 
Surveyed the pusular system of 40 
dinoflagellates and divided them 
into two groups: vesiculated and 
tubular/saccate. Suggested that the 
pusules are an excretory or osmo­
regulatory organelle. 
Examined the pusules in Kofoidinium 
pavillardi and Peridiniurn depressurn . 
Reported that their striated flagel­
lar rootlets are associated 
structurally with the canal wall and 
pusular collecting chambers. Pro­
posed that flagellar rootlets 
induced contraction of the pusular 
system possibly by Ca++ to crete 
waste. 
Described and reconstructed the 
pusular system of Amphi dinium 
carterae and Prorocentrum micans. 
Demonstrated the internalization of 
macromolecules by the pusules via 
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Author Contribut i on 
pusular involvement in osmotrophy or 
mixotrophy of dinoflagellates. 
Phagotrophic Apparatus 
Dodge and Crawford 
Drebes and Schnepf 
Spero 
Gaines and Taylor 
Schnepf et al. 
Confirmed that oxyrrhis marina can 
ingest organisms at the vicinity of 
the flagellar bases and digest them 
internally by microbodies. 
Described stages in the vegetative 
life cycle of the ecto-parasitic 
dinoflagellate Paulsenella chaeto­
ceratis including: (1) motile 
trophont parasitizing on diatoms, 
(2) trophont transform into primary 
cyst with thick-wall, (3) primary 
cysts divide into 3 or 4 secondary 
cysts, (4) secondary cysts release 
two trophont zoospores. 
Established that the non-photo­
synthetic phagotrophic dinoflagel­
late Gyrnnodiniym fungiforme ingests 
prey by means of an extensible 
peducle. Described the peduncle as 
containing a microtubular basket and 
vacuoles and bodies possibly 
containing proteolytic enzymes. 
Documented that Protoperidinium 
conicum is capable of ingesting 
chain-forming diatom by means of a 
pseudopodial feeding veil . 
Described the myzocytosis process of 
the ectoparasitic dinoflagellate 
Paulsenella sp. , which is inhibited 
by cytochalasin B and not by 
colchicine. Suggested that (1) 
myzocytosis i s  based on a 
hydrostatic gradient generated from 
rhythmical ion pumping of a common 
cavity by microfibrilar sphincters, 
and (2) the microtubular basket is 
translocated to surround and 
stabilize the feeding tube. 
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Author 
Gaines and Elbrachter 
Metivier and 
Soyer-Gobillard 
Schnepf et al. 
Wilcox and Wedemayer 
Contribut i on 
Reviewed the types of heterotrophy 
in dinoflagellates (i.e. auxotrophy, 
mixotrophy and organotrophy) and the 
associated organelles ( i . e . cyto­
stomes, peduncle, stomopod, tentacle 
and piston, food vacoules and 
pusules). 
Reported that the cytoskeleton of 
the tentacle of Noctiluca scintil-
1.ana is composed of three elements: 
a fibrillo-granular ectosarc, rows 
of microtubules, and striated myo­
nemes. 
Demonstrated the high mechanical 
stability of diatom chloroplasts 
after being phagocytosized through 
the feeding tubes of ecto-parasitic 
dinoflagellates. 
Examined the ultrastructure of 
phagotrophy in Amphidinium cryo­
philum by a feeding tube, termed 
"phagopod". 
Chl oroplast /Pyrenoid 
Dodge Established that chloroplasts of 
dinoflagellates are bounded by a 
three-membrane envelope and are not 
connected to other organelles. 
Concluded that pyrenoid is not a 
valid phylogenetic character. 
Kowallik Presented a three-dimensional model 
of the crystal lattice of the 
pyrenoid matrix in Prorocentrum 
micans . Suggested that pyrenoids 
are not storage for starch but for 
other proteins. 
Kowallik and Haberkorn Determined that each of the 
mutilobed chloroplasts of Proro­
centrum micans contains at least 80-
100 DNA-centers that differ in size 
a nd possibly DNA contents. 
Concluded that the chloroplast of 
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Author 
Bibby and Dodge 
Dodge 
Adamich and Sweeney 
Herman and Sweeney 
Kite and Dodge 
Contribution 
its DNA regions are polyploid to 
variable degrees. 
Elucidated the ultrastructure of the 
chloroplast nucleoid in Scripsiella 
sweeneyae  in motile and encysted 
stages. Speculated that this 
plastic nucleoid may have arisen 
secondarily to the acquisition of 
the chloroplast from a prokaryotic 
endosymbiont as a consequence of 
greatly increased volume of the 
nucleoid. 
Surveyed and grouped the chloro­
plasts of forty-two dinoflagellate 
species into five categories: (1) 
more or less parallel lamellae, (2) 
the same but occasional peripheral 
lamellae, (3) girdle lamellae and 
internal pyrenoid, (4) thylakoids 
fused to envelope and pyrenoids, (5) 
more or less radially arranged 
lamellae. Suggested that the 
presence of peridinin and stalked 
pyrenoids is the "advanced" state in 
the evolution of chloroplast 
acquistion in the dinoflagellates. 
Prepared viable spheroplasts of 
Gonyaulax polyedra that retain their 
abitity to regenerate cell walls, 
cell motility and bioluminescence. 
Described the ultratructure of the 
new dinoflagellate Cachonina 
illdefina with observations on the 
degeneration of the pyrenoid. 
Elucidated the structural organiza­
tion of plastid DNA in Glenodinium 
foliaceum and Gyrodinium, aureolum, in 
which plastids in both possess a 
peripheral DNA ring and isolated 
point nucleoids. Suggested that the 
G.,. foliaceum harbors an endo­
symbiotic diatom due to the simi­
larities in their plastid DNA 
configuration. 
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Author 
Clarke and Pennick 
Clarke and Pennick 
Pennick and Clarke 
Hansen 
Con tributi on 
Scales 
Rep orted helical  layers of 
ellipsoidal scales covering both 
flagella of Qxyrrhis marina except 
at their proximal portions. 
Noted that Qxyrrhis marina bears 
ellipsoidal and circular scales on 
its whole body surface . 
Illustrated the body scale of 
Heterocapsa triQueta as being an 
open frame-work structure . 
Documented the presence of body 
scales in Katodiniym rotyndatym . 
Investigated the morphology and the 
formation of scales . 




Chapman et al . 
Morrill and Loeblich 
Characterized the thecal structure 
of ceratiym tripos at different 
stages of development . 
Studied the structure, formation and 
growth of the theca in Peridiniym 
cinctmn. 
Defined the three envelopes of the 
cyst, the exo-, meso- and endospore, 
in Peridiniurn cinctum . 
Studied the excystment and early 
development of Ceratimn hirundiniel­
.la .  Reported the presence of the 
flagella at the gymnoceratium stage . 
Surveyed forty five species of dino­
flagellates for a pellicular layer 
in the amphiesma . Established the 
presence of this layer in 15 of the 
2 0  genera examined and suggested 
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Author 
Morrill and Loeblich 
Contribution 
Summarized the structural informa­
tion on dinoflagellate amphiesma 
with emphasis on its development. 
Classified the amphiesma into 8 
groups. Suggested that the dino­
flagellates, euglenoids and crypto­
monads may share a common ancestry 
due to the intracellular and arti­
culated nature of their cell 
coverings. 









PERTINENT LITERATURE ON FLAGELLAR STRUCTURE OF THE 
DINOFLAGELLATES, EUGLENOIDS, KINETOPLASTIDS AND 
PEDINELLIDS, WITH EMPHASIS ON THE PARAXIAL ROD 




Dingle and Larson 
M0estrup 
Grain 
Cachon et al. 
Contribution 
General 
Outlined the distribution, archi­
tecture and assembly of flagellar 
mastigonemes. Theorized that 
mastigonemes may function in locomo­
tion (passively) and mating. 
Classified the striated rootlets of 
protists into five main categories. 
Speculated that the narrow-period 
rootlet developed from microtubule 
rootlets of algal flagellates, and a 
wide-band, contractile rootlet orig­
inated from interbasal body connect­
or of algal and protozoan species. 
Reviewed the microtubule-membrane 
interactions in cilia and flagella 
at three regions: distal tips, 
along the cilium and ciliary bases. 
Summarized the biochemical profile 
of ciliary and flagellar membrane. 
Reviewed and compared the flagellar 
structures of the ma jor algal 
groups. Summarized the occurrence 
and morphology of paraxial inclu­
sions found in algal flagella, 
including the PAR and flagellar 
swellings. 
Summarized the structures, chemical 
nature, and functions of cyto­
skleleton in protists. Artificially 
categorized the PAR proteins in the 
microtubule-associated proteins 
category. 
Synthesized the ultrastructural and 
biochemical data of the paraxial rod 
in the dinoflagellates, euglenoids 
and kinetoplastids. Proposed label­














Reviewed the occurrence of the 
contractile protein centrin in algal 
flagellar apparatus. Reported four 
centrin-based contraction systems : 
basal body reorientation, transi­
tional zone severing during 
flagellar autotomy, nuclear move­
ment and cell shape changes, and 
contraction of the dinoflagellate 
transverse flagellum. 
Di nophyce ae 
Leadbeater and Dodge 
Leadbeater and Dodge 
Leadbeater and Dodge 
Dodge and Crawford 
Dodge and Crawford 
Reported the unilateral and bi­
lateral arrays of mastigonemes on 
the TF and LF, respectively, of 
woloszynskia micra. 
Described the TF of Woloszynskia 
micra containing a long axoneme and 
a shorter striated strand held 
together by organized "packing 
material " and flagellar sheath. 
Proposed the "helical model" of the 
TF, in which the striated strand 
passes through a helical axoneme. 
Redescribed the flagellar structures 
in Woloszynskia micra .  Confirmed 
that the LF contains an axoneme and 
organized "packing material". Noted 
that the flagella have two basal 
discs and two diaphragms in the 
transition region. 
Observed the SS in the TF as the 
only accessory structure in the 
flagella of Amphidinium carteri . 
Identified the tubular, layered, and 
striped root from its complex root 
system. 
Illustrated the two flagella of 
Glenodinium foliaceum entering two 
separate canals at slight angle to 
each other . Their basal bodies lie 










Table 2 ( cont . ) 
Author 
Dodge and Crawford 
Dodge and Crawford 
Clarke and Pennick 




Reconstructed the flagellar root 
system of ceratium hirundinella . 
Described the canal ultrastructure, 
including the striated col lar. 
Reported a microtubu lar strand 
between the nucleus and flagellar 
bases, but not attached to either 
structure. 
Observed a PAR in the undulating 
ventral flagellum (= TF) of Qxyrrhis 
marin a .  Noted that the distal 6-8 
um of the dorsal flagellum (= LF) is 
much thinner than the proximal 
portion. Each flagel lum has a 
striated and a microtubular root. 
Suggested that Q. marina is not so 
primitive an organism due to their 
complex flagellar system. 
**  Termed the amorphous, granular 
material in the flagella as "packing 
material ", an inconsistency with 
Leadbeater and Dodge, 1966, since 
they refered to the PM as the 
PAR. 
Reported scales  covering both 
flagel la of Q . marina, except at 
their proximal portions. 
Defined the flagellar arrangement of 
the Prorocentrales based primarily 
on ob servat ion s made  from  
Prorocentrum triestinum . stated 
that their flagella contain organ­
ized "PM" with 40 nm periodicity. 
** No supporting TEM micrographs. 
Clarified "PM" as paraflagellar rod 
and proposed a "hemi-helical model"  
of  the TF  based on  their inter­
pretation of SEM data. 
Proposed an additonal model of the 
TF, in which a striated strand runs 
parallel to a helical axoneme, but 
lies outside of this helix. 
D ate Author 
1977 Herman and Sweeney 
1977 Lee 
1978 Steidinger et al. 
1979 Berman and Roth 
1980 Rees and Leedale 
1982 Maruyama 
1982 Seyer et al. 
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Table 2 (cont. ) 
Contribution 
Supported Taylor ' s  "hemi-helical 
model" with an SEM investigation of 
the TF in Gymnodinium splendens . 
Clarified that the TF is anchored to 
the surface of the girdle by fine 
filaments originating from the 
axonemal portion, not the SS. 
Elucidated the structural organiza­
tion of LF and TF of Gyrodinium 
lebouriae . Described two types of 
mastigonemes and spikes on TF 
surface. 
Described a SS in the TF of 
Gyrnnodnium breve as the only 
flagellar accessory structures. 
* a PAR can be observed in the TF 
from Figure 11. 
Noted an external ridge running most 
of the length of the LF in 
Peri dinium cinctum fa. westii. 
Observed a double-lobed structure 
near the base of the LF. 
Presented a 3-D reconstruction of 
the transverse flagellum from serial 
secti ons. Supported the model 
presented in Berdach, 1977. 
Revealed a complex network of 
accessory structures in the LF of 
Ceratium tripos, including a R­
fiber, "packing material " and a 
striated fiber. Suggested that LF 
in �- tripos has two dissimilar 
motions: undulation by axoneme and 
retraction by R-fiber, and the PM 
serves as a link between the two 
structures. 
Described the complex flagellar 
apparatus of the dinoflagellate 
Prorocentrum micans, which consists 
of two LF and one undulating 
flagellum (= TF). Reported a ss, 
bridging and anchoring threads of 
the undulating flagellum. Cor­
roborated the "semi-helical model" 







198 6  
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Table 2 (cont. ) 
Author 
Wilcox et al. 
Bradbury et al. 
Wedenmayer and Wilcox 
Roberts 
Bullman and Roberts 
Roberts 
Contribution 
Observed spiral packing material in 
the LF and a SS in the TF of 
Arophidinium cryophilum . Reported a 
striated flagellar collar, which was 
the second report of this structure 
in the dinoflagellates. 
Documented a fibrous ribbon con­
necting the nucleus and the 
flagellar apparatus of Polykrikros 
kofoidi. Observed a ss in the TF 
and "periodic material" (= PAR) in 
the LF. Concluded that the highly 
evolved Polykrikros has retained an 
ancient pattern of nuclear division 
in the evolution of the dino­
flagellates. 
Provided a detailed description of 
the flagellar root system of 
Perid,iniopsis berolinense .  Observed 
several fibrillar lamellae situated 
near the basal body of the LF. 
Demonstrated the presence of 
longitudinally biflagellated cells 
from older cultures. 
Reexamined and reconstructed the 
flagellar root system of Qxyrrhis 
marina. Described the root system as 
asymetrical and complex, consisting 
of a longitudinal and transverse 
basal body that gave rise to eight 
different components. Indicated 
that Oxyrrhis shares many common 
flagellar features with the gymno­
dinoids. 
Reconstructed and compared the 
flagellar root system of Heterocapsa 
pyqrnea to other dinoflagellates, 
with special emphasis on basal body 
orientation and fibrous roots. 
Reconstructed the flagellar root 
system of Gyrnnodiniurn ,Sll, including 
a non-striated fiber connecting the 
microtubular root to the extended 









Table 2 (cont. ) 
Author 
Cachon et al . 
Cosson et al . 
Hohfield et al . 
Horiguchi and Pienaar 
Larsen 
Farmer and Roberts 
Contribution 
* A PAR can be seen originating 
in the LF near the region of the 
striated collar . 
Analyzed the structures of both 
flagella in Qxyrrhis marina , 
emphasizing the PAR . Reconstructed 
the basal portion of the PAR. 
Indicated the structural resemblance 
between the PAR and flagellar 
rootlets . 
Emphasized the structural and 
functional differences between the 
LF and TF of oxyrrhis marina . 
Suggested that the PAR is highly 
flexible . 
Localized a contractile protein 
centrin in the paraxonemal fiber (= 
s s )  of Peridinium inconspicuum, 
Gyrodinium resplendens and scrip­
psiella trochoidea . 
Described four accesory fibers , in 
addition to the paraxial cylinder (= 
PAR) in the LF of Scrippsiella 
arenicola . Reported that masti­
gonemes of LF, in the sulcal region, 
are attched to a row of intra­
flagellar fibers . 
Identified a "typical" PAR and three 
electron dense rods in the LF and a 
s s  in the TF of Amphidinium 
poe c i 1 o chroum . Observed the 
electron dense rod only in the 
proximal portion of the LF and 
connected to B tubule of a 
peripheral pair of axonemal micro­
tubules . 
Reconstructed the flagellar ap­
paratus of Amphidinium rhyncho­
cephalum. Noted a striated collar 
connective, basal bodies oriented at 
1 s o 0 , and microtubular roots 
associated with TF . Proposed that 
the dinoflagellates and chrysophytes 












Table 2 (cont. ) 
Contribution 
based on similar flagellar ap­
paratus. 
Reconstructed the flagellar ap­
paratus of Ceratium hirundinella. 
Proposed that peridinoid flagellar 
apparatus includes: well-developed 
striated collars, a striated collar 
connective, and basal bodies 
oriented at 1200. 
Roberts and Timpano Determined the spatial relationship 
between components of the flagellar 
apparatus in a newly reported 
dinoflagellate, Woloszynskia sp. 
Observed a striated collar con­
nective. 
Roth 
Leedale et al. 
Mignot 
Schuster et al. 
Walne 
Euglenophyceae 
Reported the presence of "intra­
flagellar material" ( = PAR) in the 
leading flagellum (Fl) of Peranema 
trichqghorum. 
Described the general morphology of 
the flagella in Euqlena spiroqyra. 
Noted that mastigonemes can only be 
found in the distal emergent portion 
of the Fl. 
Surveyed the flagellar structure in 
representative euglenoid genera, 
including Anisonema, Entosiphon, 
Euqlena, Menoidium, Peranema and 
scytomonas . Demonstrated a wide 
range of PAR microarchitectural 
design in euglenoid flagella. 
Reported the absence of internal or 
external accessory structures in the 
flagella of rsonema niqricans. 
Observed the parabasal/paraflagellar 
body or flagellar crystal (= PAB) at 
the reservoir region of the Fl in 
Euglena granulata, � - san guinea, 
Lepocinclis buetschlii and Trachelo­
rnas cingulata. 










Table 2 ( cont. ) 
Author 
Fize and Michel 
Kivic and Vesk 
Porter 
Throndsen 
Willey et al. 
Leedale and Hibberd 
Contribution 
Studied the morphology of the 
parasitic euglenoid Atasia fennica 
and located a "armature flagellaire" 
(= PAR) in the accessory flagellum 
(= F2 ) . 
Examined the ordered rnicrostructure 
of the paraflagellar rod (= PAR) and 
the paraflagellar body (= PAB) in 
Euglena gracilis. 
Corroborated his structural descrip­
tion of rsonema papillatum ,  with 
report that the flagella in Isonema 
are without accessory structures. 
Indicated that both flagella of 
Eutr eptiella gymnastica contain a 
PAR and flagellar swelling (= PFB). 
* The author did not differen­
tiate individual flagella in his 
interpretation of rnicrographs. 
Determined that the palrnelloid stage 
of Colacium bears two non-emergent 
flagella, a smaller 9 + 0 axonernal 
flagellum and a larger, 9 + 2 axo­
nernal flagellum which contains a 
PAR. 
Confirmed the presence of a "rather 
illdefined paraflagellar rod" in the 
locomotory f lagell urn (= Fl) of 
Menoidium bibacillatum and Rhabdo­
monas costata. 
Schuster and Hershenov Observed a paraflagellar rod (PAR) 
and a "crytalline inclusion" (PAB) 
in the long flagell urn (Fl) of 
Khawkinea Qllartana . 
Dynesius and Walne Described rnastigenornes covering the 
complete length of the emergent 
flagellum in Phacus pleuronectes, 
including the reservoir region. 
Reported the rnultitubular structure 
(MTS) and its associated fibrous 
projection positioned in the wall of 
the reservoir. 
Date Author 
1978  Bouck et al. 
1978  Piccini and Mammi 
1978  Rosowski and Lee 
1980 Hilenski 
1980  West et al. 
1982 Bouck and Rogalski 
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Table 2 (cont. ) 
Contribution 
Characterized the two types of 
flagellar mastigonemes of Euglena 
gracilis: long, nontubular hairs 
that are attached to the PAR and 
short nontubular hairs that are 
centrifugally arranged. Determined 
that the major carbohydrate moiety 
of the flagellum is xylose. 
Demonstrated with diffractometry 
that the PAB in Euglena is a crystal 
with slightly distorted hexagonal 
unit cell. 
Indicated that the a PAR and a PAB 
are located in the emergent flagel­
lum of Cr;lPtoglena pigra . 
Examined the ultrastructure of 
Peranema trichophorurn, with special 
reference to the flagella, mucocysts 
and feeding apparatus. Illustrated 
that the PAR extends the whole 
length of the anterior flagellum 
(Fl ), whereas in the trail ing 
f l agel l um (F2),  the PAR is 
terminated within the cana l/  
reservoir region. 
Reported the relatively complex 
arrangement of flagel lar accessory 
structures in the eug l enoid 
Trachelomonas hispida var. coronata , 
which includes: a paraflagellar body 
(PFB), a paraflagellar rod (PAR ) , 
and ribbons of paral lel striated 
filaments. 
Modified his interpretation of the 
organization and attachment of 
flagellar structures in Euglena 
graci li s. Suggested that the 
flagellar sheath is anchored to the 
PAR on one side and to a paraxial 
ribbon on the other. Indicated that 
the paraxial ribbons are bound to 
mastigonemes on one side and to 











Table 2 ( cont . ) 
Author Contribution 
Hyams Reconstructed portions of the 
paraflagellar rod (PAR) in Eµglena 
graci 1 is . Identified the PAR 
proteins as PFRl (80, 000 MW) and 
PFR2 (69, 000MW) at a ratio of 1 :  
1 . 27 (PFR1 : PFR2), which made up 
16 . 9% of total axonemal protein 
contents . 
Melkonian Characterized the flagellar membrane 
of Euqlena gracilis as having rows 
and clusters of intramembrane 
particles (IMPs) . Correlated the 
helically arranged rows of IMPs to 
the attachment points of the short, 
nontubular mastigonemes, whereas the 
cluster of larger IMPs corresponded 
to the attachment points of the 
long, nontubular hairs . 
Robenek and Melkonian Reported 10- 1 4  nm intramembrane 
particles localized to the para­
flagellar body membrane of Eµglena 
qracilis. Suggested the possible 
role of sensory transduction in the 
membrane specializations in the PFB­
associated membrane . 
Hilenski and Walne Illustrated the arrangement of long 
and short nontubular mastigonemes on 
surface of the anterior flagellum in 
Peranema trichQphorum. 
Hilenski and Walne Examined the flagellar root system 
of Feranem,a trichophorum, including 
3 microtubular roots, a striated 
root, an interbasal body striated 
fiber, and a striated fibril . 
Solomon Examined and illustrated the 
flagellar root system of Entosiphon 
sulcatum and Eutreptia pertyi . 
Compared flagellar root systems in 
the euglenoids to the bodonids and 
corroborated the proposed euglenoid­
kinetoplastid supergroup, the Eugle­
nozoa . 
Walne et al . Rep orted both  flagella  of  
Eutreptiella eupbaryn gea contain a 
PAR, but the regular striated 
Date Author 
1987 Solomon et al. 
1987 Willey and Wibel 
1988 Dawson and Walne 
1988 Farmer and Triemer 
1988 Owens et al . 
1989  Dawson 
1962 Vickerman 
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Table 2 ( cont. ) 
Contribution 
periodicity is apparent only in the 
thicker, longer flagellum. Noted 
that a paraflagellar body (PFB) is 
located in the shorter , thinner 
flagellum. 
Described the flagellar root system 
of Entosiphon sulcatum, and compared 
it to those of other euglenoids and 
kinetoplastids. 
Illustrated that the three flagellar 
roots of Colacium libellae gave rise 
to the three microtubular bands 
supporting the reservoir. 
Characterized the swimming and 
flagellar movements of Eutreptia 
pertyi. Differentiated the PAR 
microarchitecture in the FI and F2 
flagella. 
Defined the basic structures of the 
flagellar root system in euglenoids 
as: two functional basal bodies, 
three unequal microtubular roots , 
and a fourth microtubular band 
nucleating from one of the flagellar 
roots. Noted that additional 
structures may be associated with 
this standard flagellar apparatus. 
Illustrated the connections between 
the flagellar apparatus, canal/ 
reservoir cytoskeleton and pel­
licular skeleton in Cryptoqlena 
�-
Examined the ultrastructure and 
motility of the flagella in 
Eutreptia pertyi. Reconstructed the 
paraxial rod in F2 from serial 
sections. 
Rinetoplastida 
Observed a lattice-like "accessory 
filament" (= PAR) in the locomotory 
apparatus of the blood-stream and 
D at e  Author 
1963 Pitelka 
1965 Anderson and Ellis 
1965 Boisson et al. 
1966 Sanabria 
1968 Baker and Bird 
1969 Fuge 
1969 Taylor and Godfrey 
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Table 2 ( cont . ) 
Contribution 
mid-gut forms of Trypanosoma brucei 
and T. rhodesiense. 
Reported an "intraflagellar struc­
ture" (= PAR) in lmdQ saltans. 
Described the "para-flagellar 
structure" (= PAR) in Trypanosoma 
lewisi as composed of 4-6 dense 
fibers with "zig-zag" patterns and 
embedded in a moderately dense 
matrix. Suggested that this 
structure may play a role in 
maintaining the rigidity of the 
flagellum. 
Suggested that the intraflagellar 
structure (= PAR) in Trypanosoma 
gamb iense contributed a muscular 
function to flagellar motility. 
Indicated that "intraflagellar 
material" is present in both cri­
thidial and trypanosomal stages of 
Trypanosoma cruzi. 
Observed the "flagellar rod" (= PAR) 
in the trypomastigote, epimastigote, 
and metacyclic trypomastigote forms 
of Trypanosoma ayiurn. 
Analyzed the micromorphology and 
presented a 3-dimensional model of 
the intraflagellar structure (= PAR) 
i n  Trypanosoma. Suggest ed that the 
PAR is not directly involved in 
flagellar motility, but serves as a 
supportive structure for the 
contractile axonemal fibers. 
Described the "subpellicular organ­
elle", the network of microtubules 
in the membrane skeleton complex, of 
Trypanosoma hrucei, T. con golense 
and T. yiyax. 
* a PAR can be visualized in thin 
sections through the flagellum of 
all three species of Trypanosoma. 
D ate Author 
1969 Vickerman 




1976  Desouza et al. 
1976  Hogan and Patton 
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Table 2 ( cont . ) 
Contribution 
Characterized the acquistion and 
loss of the surface coat on the 
flagellum of the sleeping-sickness 
trypanosome Trypanosorna rhod,esiense . 
Noted that the PAR is linked by a 
bifurcation process to the subtubule 
B of axonemal doublets 5 and 7. 
Examined the ultrastructure of 
Trypanophis grobbeni and confirmed 
that this flagellate belongs to the 
Bodonidae. 
* Figures 2 and 3 show an arc­
shaped electron-dense accessory com­
ponent i n  the flagellum of � ­
grobbeni. 
Determined that both flagella of 
Rhynchomonas metabolita contain a 
PAR, and noted the resemblance of 
its PAR to other kinetoplastids, 
certain euglenoids and the dino­
flagellate Qxyrrhis marin a. 
Pointed out that the paraxial 
flagellar material (= PAR) described 
in both flagella of Rhynchomonas 
nasutum resembled that found in 
Entosiphon. 
_, 
Verified that � curyifilus  pos­
sesses within each flagellum a 
paraxial rod, which is observed as 
a crescent-shaped body lying against 
4 of the outer axonemal doublets .  
Noted, in his ultrastructural de­
scription of Herpetomonas sp. 
(Leptomonas pessoai) , that a para-
xial rod originated at a short 
distance from the origin of the 
flagellum and within the flagellar 
pocket. 
Observed plaques of "minute maculae 
adherentes" on the cell and fla­
gellar membranes of Trypanosoma 
brucei , which were closely as­










Table 2 (cont. ) 
Author 
Brugerolle et al . 
Desouza 
and Souto-Padron 
McGhee and Cosgrove 
Freymuller and 
Carmargo 
Russell et al. 
Cunha et al. 
Contribution 
Theorized a progressive structural 
transformation and evolution from 
freeliv i ng to ecto- and endo­
parasitic forms in the bodonids and 
cryptobiids. Presented schematic 
diagrams of cell organization in 
.B.Q.dQ sp. , crytobia hranchialis, � .  
intestinalis ,  �.  helicis and 
Trypanoplasma borreli, in which PAR 
could be observed in both flagella 
of all five species. 
Examined the expression and morph­
ology of the PAR in different 
developmental stages of several 
trypanosomatids <Trypanosoma cruzi, 
Herpetomonas samuelpessoai , ft. 
megaseliae, Leptomonas megaseliae 
and Crithidia harmosa) . Concluded 
that the PAR is not expressed only 
in the spheromastigote form of � -
�-
Determined that i n  the " lower " 
trypanosomatids, the paraxial rod 
is absent only in the flagella of 
Crithid,ia oncopelti, Blastocrithid,ia 
culcilis and perhaps � - deanei . 
Delineated three ultrastructural 
differences between trypanosomatids 
with and without endosyrnbionts, one 
of which is the presence of a PAR 
only in  the endosymbi ont-free 
species. 
Characteri zed the structure and 
biochemical composition of PAR in 
crithidia fasciculata . 
Isolated, characterized and compared 
the flagella of Herpetomonas 
megaseliae and Crithidia deanei, in 
which the former possess a PAR and 
the latter does not. Suggested that 
the parax ial structure is not 
essential for the movements of 
trypanosomatids since �. deanei and 
� - oncolpelti, which lack PAR, have 









Table 2 (cont . ) 
Author 
Souto-Padron et al. 
Attias and Desouza 
Farina et al. 




Revealed the deep-etch images of the 
flagellar axonemes in Herpetomonas 
megaseliae and Trypanosoma cruzi 
with its outer dynein arms and 
"paraxial structure" (= PAR), which 
is composed of a network of 8 nm 
filaments interwoven with narrower 
oblique filaments. 
Described the PAR in the flagellum 
of Phytomonas dayidi . 
Analyzed the structural organization 
and presented a 3-dimensional re­
construction of the PAR in 
Herpetomonas megaseliae and Pbyto­
IDQilas dayidi. 
Reviewed the cytoskeletal structures 
and bi ochemi stry of Trypanosoma 
brucei . Concluded that the cyto­
skeleton consists of three com­
ponents: membrane microtubular ske­
leton ,  fl agellar microtubular 
skeleton , and flagellar paraxial 
rod. Noted that, in addition to 
tubulin and MAPs, cytoplasmic actin 
has also been identified from try­
panosomes. 
Pedinellales 
Described the emergent flagellum of 
Pedinella hexacostata a s  ribbon­
shaped in cross section due to loose 
sheath positioned between the 
axoneme and "strengthening band". 
Noted that the mastigonemes are 
unilaterally arranged. 
Confi rmed that the flagell ar 
structures of Apedinella spinifera 
is similar to that of �- bexacostata 
(Swale, 1969) . Suggested that the 
strengthening band is strikingly 
similar to the str iate strand/ 
" co r d o n  s p i ra l e "  i n  t h e  
















Table 2 (cont . ) 
Contribution 
Observed the emergent flagellum of 
Pseuctqped,inella pyriforme undergoing 
three types of motions: rapid 
rotation, propulsive and sinusoidal 
wave . Noted that a single row of 
mastigonemes inserted at the 
axonemal portion of the flagellum. 
Interpreted a thin, dense paraxial 
structure with periodic connections 
to the flagellar membrane of 
Pteridomonas danica as a reduced 
paraxial rod. 
Described the flagellum of Actino­
monas pusilla bearing scales, two 
rows of tripartite hairs and 
supported by a PAR with periodicity 
of 30nm. The PAR is closely 
associated with the axoneme near the 
transitional level and separated 
distally to form the wing-like 
extension. 
Reported the absence of transitional 
helix and the presence of a PAR in 
Pseudod,ine11a tricostata . 
Proteromonadida 
Brugerolle and Joyon Documented a small periodic fibrous 
structure running paraxially in the 
anterior flagellum of Proteromonas 
and in each of the four flagella of 
Katomorpha . 
* From micrographs, it is incon­
clusive whether these accessory 
structures are "true" PAR. 
Table 3. COMPARISON OF SELECTED FLAGELLATE C HARACTERS @ 
K l neto p l ast l d s  E u g l e n ophytes D l n o p h ytes Ped l n e l l ld s  
Plastid + + + 
Chlorophyl l  A, B A, C2 A, C1 , C2 
Periplastid 3 3 4 
membranes 
Carbohydrate Beta-1 ,3 glucan Alpha-1 ,4 glucan Beta-1 , 3 glucan 
storage product paramylon starch chrysolaminarin 
Location storage Cytoplasm Cytoplasm Cytoplasm (?) 
product 
Stigma location Cytoplasm Cytoplasm, plastid 
Mitochondrial Mostly flat; lacking F lat Tubular Tubular 
cristae or tubular in some 
trypanosomes 
Kinetoplast + 
lnterphase chromo- Dispersed Condensed Condensed ? 
somes 
Mitotic nuclear Pers istent Pers istent Persistent ? 
envelope 
Mitotic nucleolus Persistent; may Persistent Probably persistent 
fragment 
Table 3 (cont.) 
K l neto p l a s t l d s  Eug lenophytes D i nop hytes 
Spind le location l ntranuclear; type l ntranuclear; type , Extranuclear; type I 
l lb*, type B** l lb, type B type A 
Membrane skeleton Flexible ; membrane "Pell ic le" ; flexible Theca; rigid , semi-
complex underlying micro- membrane, under- rigid, multi-layered 
tubule bands, micro- lying microtubules; membrane, subthe-
tubule bridges microtubular brid- cal microtubule 
ges; helical strips cytoskeleton, eel-
of inner protein lay- lulosic plates, spo-
ers ropollenin iayer 
Cel l  surface Glycoprotein coats Glycoprotein coats Glycoprotein coats 
(at some stages) mineralized envelo- body scales (mine-
pe ralized ??) 
Euglenoid movement + + 
(metaboly) 
Flagella 1 ,  2; unequal ; hetero- 1 ,2,3; unequal ;  het- 2,3; unequal; hetero-
dynamic erodynamic dynamic 
Flagellar pocket Anterior  Anter io r Ventral 
* Designation of Stewart and Mattox, 1 980 ** Designation # of Taylor, 1 976 





with tentacle rings 
and trailing stalk 
Envelope scales 




Table 3 (cont.) 
K l n etop la st lds  Eug lenophytes D lnop hytes Ped l n el l l d s  
Flagellar hai rs Generally -; in a few, Thin, nontubular Thin, nontubular Tubu lar 
thin, nontubular 
Flagellar hair One or both flagella; Both flagella; uni la- Both flagella, TF: Emergent · flagellum 
attachments unilateral teral, bundles when unilateral; LF: bi- unilateral or bila-
present lateral teral 
Paraxial rod In F1 flagellum In emergent flagella Varied, in LF or TF In emergent flagel-
(F1 or F1 + F2) or both lum 
Paraxial fibers In TF; LF (C. tripos) ? 
Flagellar scales ? ? Rare, in Oxyrrh is + 
Paraxial bodies ? + + ? 
Basal bodies 2 2,4; parallel , angled 2; paral lel, antipar- 2, sl ightly angled 
allel, orthogonal 
Transitional region 2 plates 1 plug (with fibri l lar 1 ring-shaped plates 1 plate 
network) 2 median discs 
Microtubular roots 1 ,  2, 3 3 1 ,  2 
Superficial roots + + + 





K l n etop last lds  
+/- in Trypanosoma 
Phagotrophic appa- Cytopharyngeal pock-
ratus et (pinocytic in 
some) 
Location phagotroph- Near flagellar pocket 
ic apparatus opening 




@ Modified from Willey et al. , 1 988 
Table 3 (cont.) 
Eug len ophytes 
Rare, in Entosiphon 
+ I -
Cytopharyngeal pock-
et (vestig ial in 
some), 
Near flagellar pocket 
opening 
Free l iving: phago-
trophs, phototrophs, 
osmotrophs; intes-
tinal parasites (?) 







Near flagel lar pocket 
opening 
Free l iving: .Phago-
trophs, phototrophs, 
saprophytes 
Ped l n e l l ld s  
+ 
Rings of tentacles, 
( ca. 1 8) ;  microtu-
bule triads 








PERTINENT LITERATURE ON THE BIOCHEMICAL AND MOLECULAR 
COMPOSITION OF PAR AND OTHER FLAGELLAR ACCESSORY COMPONENTS 
Date Author 
1973 Piccini and Albergoni 
1975 Piccini et al. 
1977 Pereira et al. 
1982 Hyams 
1982 Walkosz 
1983 Desouza et al. 
1983 Russell et al. 
Contributi on 
Localized Mg++- and Ca++-activated 
ATPases in isolated flagella of 
Euglena gracilis. 
Suggested an active role for the PAR 
in flagellar motility of Euglena 
gracilis, based on documentation of 
residual ATPase activity associated 
with PAR after digitonin treatment. 
Isolated and determined the protein 
profile of isolated flagella in 
Crithidia fasciculata, Her.petomonas 
samuelpassoai and Lei shmania 
tarentolae. 
Identified the PAR proteins of 
Euglena gracilis as PFRl (80, 000 MW) 
and PFR2 (69, 000MW) at a ratio of 1 :  
1. 27  (PFR1: PFR2), which made up 
16. 9% of total axonemal protein 
contents. 
Characterized the two maj or PAR 
proteins of Herpetomonas muscarum 
with molecular weights of ap­
proximately 71 and 65 kDa. indicated 
that an isolated protein (ca. 71 
kDa) of Crithidia fasciculata may be 
a PAR protein. 
Observed anti-actin fluorescence 
pattern in the flagella of the 
epimastigotes of Trypanosoma cruzi 
and suggested that actin is a 
component of the PAR composition. 
Characterized the structure and 
biochemical composition of PAR in 
Crithidia fasciculata . Demonstrated 
that its PAR consisted of two main 










Table 4 (cont . ) 
Author 
Cunha et al. 
Gallo and Schrevel 
Schneider et al. 
Levasseur and Bouck 
Hohfeld et al. 
Saborio et al. 
Contributi on 
Compared the protein profile of 
purified flagellar fraction from 
Herpetornonas rnegaseliae and Crithi­
.di.a deanei . Isolated two PAR pro­
teins of H .  rnegaseliae with MW 73 
and 78 k.Da. 
Demonstrated that the trypanosome 
Trypanosorna bruce i  and the 
euglenoids Euglena gracilis and 
Distigrna proteus share at least one 
common antigenic determinant in 
their PAR proteins. Noted that a 87 
k.Da protein isolated at the proximal 
portion of the flagellum in 
Crithidia fasciculata also cross­
reacted with this PAR antigenic 
determinant. 
Localized spectrin-like proteins, as 
defined by cross-reactivity and 
structural similarities with human 
erythrocyte protein spectrin, ex­
clusively in the PAR of Trypanosorna 
hrucei . 
Constructed a cDNA expression 
library for flagellar proteins in 
Euglena gracilis . Isolated at least 
six alpha tubulins, two beta 
tubulins and five paraxial rod 
clones. 
Localized  a modul ated prote in 
centrin in the paraxonemal fiber 
(=SS) of Peridinium inconspicuurn, 
Gyrodiniurn resplendens and scrip­
psiella trochoidea . 
Purified PARl and PAR2 proteins of 
the PAR in Trypanosorna cruzi, with 
masses of 7 0  and 6 8  kD, 
respectively. Showed that PAR 
proteins do not cross-react with 
actin, tubulin and intermediate 




Table 4 (cont. ) 
Author 
Schlaeppi et al. 
Contr ibuti on 
Isolated and sequenced the genetic 
locus coding for the PFR (PAR) 
protein in Trypanosoma brucei . 
Demonstrated that the PAR gene 
locus codes for a single polypeptide 
of 600 AAs, with a molecular mass 69 
kD. Showed that the second protein 
band (73 Kd) observed by gel 
electrophoresis is a reduction­
induced derivative. Indicated that 
the PAR proteins have high helix 
contents, by secondary structure 
predictions. 









PERTINENT LITERATURE ON CELL MOTILITY 
OF DINOFLAGELLATES 
Author 
Jahn et al. 
Hand 
Seyer 
Cachon and Cachon 
Forward 
Hand and Schmidt 
Contribution 
Simulated the movement of LF in 
Ceratium furca (= c .  tripos) with a 
wire helix model beating in a clay 
molded girdle. Concluded that the 
transverse flagellum beats in a 
circular or elliptical wave with a 
reduced amplitude due to the 
confinement of the girdle. Also 
concluded that the LF beats in a 
planar wave and produced forward 
propulsion of the cell. 
Recorded phototactic motility in 
Gyrodinium dorsum.  Proposed a model 
of phototactic orientation based on 
two photoreceptor sites. 
Studied the structures associated 
with feeding and movements in 
Noctiluca miliaris. Indicated that 
tentacular striated bands and 
peripheral microtubules contribute 
to tentacular motions. 
Analyzed the general morphology and 
peduncle ultrastructure of the 
parasitic dinoflagellate Oodinium 
fritillariae, Q. poucheti and Q . 
dodieli . Differentiated the 
peduncle into four parts: adhesive 
disk, stalk and two intra-cytoplas­
mic regions. 
Deter mined that phot otact ic 
responses in Gymnodinium splendens 
have two phases, consisting of an 
initial stop-response, followed by 
positive phototaxis. Implicated the 
application of phototaxis in diurnal 
vertical migration in the marine 
environment. 
Documented the flagellar motion 
during phototactic response of 
Gymnod,inium, dorsum. Suggested that 
the LF  is responsible for 
phototactic orientation. 








Table 5 ( cont . ) 
Author 
LeBlond and Taylor 
Cachon and Cachon 
Maruyama 
Cachon et al . 
Cachon and Cachon 
Cachon and Cachon 
Contribution 
Proposed a propul sive mechanism in 
which the hemi-helical TF beats in a 
di storted waveform within  the 
cingulum, produces a net posterior 
flow and hence thrust s the cell 
forward. Postulated that due to the 
convergence of girdle and sulcus , 
the circumferential , cingular flow 
ge ne rated  by the TF can be 
redirected into sulcus and produce a 
jet propulsion . 
Reviewed the movements of protists 
by non-actin filament systems . n 
Defined two type s of systems : 
microfilament-endoplasmic reticulum 
associated and microfilament-bundle 
myonemes, which are reported in the 
Warnowi i dae and Lept odi s c i nae ,  
respectively . 
Reported a retractile motion of the 
LF i n  Ceratium tripos whe n 
mechani cal stimulation was induced . 
Recorded the retracti ng LF folds 
every 4 - 5  um and instal l s  itself 
within the sulcus . Accounted this 
unique motion to a fiber (R-fiber) 
in the LF . 
Demonstrat ed that the flagel lar 
rootlets in Peridinium depressum and 
Kofoidinium pavillardi are involved 
in the contraction of pusule . 
Demon st rated that a nonact in  
my o nemal l ay e r  b e n e at h  the  
plasmalemma caused cell contraction 
in Cymbodinium, elegans, Leptodiscus 
medesoides and Leptospathium 
navicula . 
D i s cu s s e d  the  Ca+ + -depe nde nt 
mechanism of flagellar rootlets  in 
a ct ivat ing the release  of the 
parasitic dinoflagellate Arnoebophcya 
from its host . 








Table 5 ( cont . ) 
Author 
Cachon and Cachon 





Cachon et al . 
Contribut i on 
D i s cus sed ce l l  cont ract i on i n  
Kofoidinium , spatulodinium and 
Pomatodinium, mainly morphogenic ,  
vi s ceral and somat i c  sy stems of 
contraction . Reasserted the view 
that non-actin filaments generate 
contraction in dinoflagellates . 
Surveyed the transverse flagellar 
motions of over fi fty species  of 
dinof l age l l at e s . D emonstrated 
leiotrophi c directionality of the 
transverse flagel lar beat , whi ch 
induces leiotrophic rotation of the 
cel l s  and dexiotrophi c flow of 
fluid. 
Induced retraction and reextension 
of the LF i n  ceratium tripos by 
e l e v a t i n g  a n d  l o w e r i n g 
intraflagellar Ca++ concentration . 
Determined that undulation of the LF 
of Ceratium tripos is  generated by 
the ATP -depe ndent axoneme , and 
retraction is  induced by the Ca++­
dependent and ATP-independent R­
fiber . 
Concluded that extracellular Ca++ is 
a required cofactor for both motion 
and contraction of the tentacle in 
Noctiluca scintillans, whereas 
external magne sium is  involved in 
the r egu l at i on of  t e nt acul ar 
contraction-extension cycle . 
Examined the cortical cytoskeleton 
of nine armoured and unarmoure d 
di n o f l a ge l l at e s  t hat can  be 
differentiated into a microtubular 
and a fibri l l ar cyt o ske l eton . 
Determi ned that the f ibr i l lar  
skeleton is made of  2-3 run filaments 
and formed two types of structures :  
rigid cytoskeletal and contractile 
myonemal layers . 
Date 
1987 
1 987  
1 98 8a 
1988 
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Table 5 (cont . ) 
Author 
Levandowsky and Kaneta 
Metivier et al . 




Reviewed the behavior in  di no­
f l age l l at e s  that i nvolve c e l l  
motility and response s t o  sensory 
stimul i . Summari z ed that most 
di nokonts swim in  a l aeotrophi c 
spiral path, with the ventral side 
faci ng the axi s of  the spiral . 
Indicated that the TF i s  primarily 
responsible for forward motion and 
spiral turning, and the LF contri­
bute s toward cel l  orientation and 
forward movement . 
Isolated three proteins of MW 45,  95 
and 220 kDa whi ch constitutes the 
fibrillar cytoskeleton of Noctiluca 
scintillans. Local i zed the 45  kDA 
in  the cortical fibrillar layer and 
suggested its . involvement in cell 
shaping and tentacular motility . 
Described the swimming and flagellar 
mot ion  o f  oxyrrhis marina . 
Confirmed that the LF propagated 
hel i coidal wave s with decreasing 
amplitude toward the tip, as the TF 
beat he l i coi dal l y  withi n the 
confined furrow . 
Determined that tentacular motility 
and cytostomal movement are under 
different regulation . Demonstrated 
that tentacular contraction involves 
Ca++-regulated ectosarc deformation, 
myonemal contraction and microtubule 
modi fication,  whereas cytostomal 
movement i s  directly regulated by 
contractile myonemes .  
PLATE 1. Morphology of a peridinoid dinoflagellate 
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Figure 1. Line drawing of the dinokont Peridinium inconspicuum, 
showing the longitudinal (LF) and transverse flagella (TF). 
PART II 
STRUCTURAL ORGANIZATION OF THE DINOKONT 
PERIDINIUM INCQNSPICUUM 
1 .  ABSTRACT 
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The vegetative cell of Peridiniurn inconspicuurn is enveloped by a 
typical peridinoid amphiesma with a wide cingulum, that divides the 
larger, truncated epicone from the smaller, obtuse hypocone . The sulcus 
is well developed and contains a sulcal/longitudinal flagellar pore, 
through which the longitudinal flagellum (LF) and protruded peduncle 
(Pe) extend posteriorly, and a more transverse flagellar pore, where the 
helical transverse flagellum (TF) emerges laterally. The TF consists of 
a helical axoneme, a three-membered paraxial fiber (striated strand ) ,  
and newly reported mastigoneme-anchoring fibrils (MaF), by which three 
types of mastigonemes are unilaterally attached. The striated strand is 
connected to the flagellar collar of the TF, which is then attached to 
the flagellar apparatus by a striated root connective (SRC). In addition 
to the SRC, the flagellar root apparatus includes : two basal bodies 
oriented at ca. 120°, a hook-like connective to the longitudinal and 
transverse microtubular roots, and connectives to two well-developed 
flagellar collars. Appressed to the internal wall of the canal pore is 
an intraplastidic stigma composed of two layers of stigma granules and 
connected to the longitudinal microtubular roots. The protruded 
peduncle is lined longitudinally with a ca. 28-membered microtubular 
band that extends from near the tip of the external portion to the 
anterior of the pusule. The five-compartment pusular system (Pu) 
surrounds the root apparatus and internal peduncle, and is composed of : 
spiral and convoluted tubules, a branching chamber, empty or organelle­
containing vesicles, and extending tubules that extend toward the apical 
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pore complex. The apex is capped with an apical pore complex containing: 
a pore plate, a canal plate, a "striated apical fibers complex", an 
apical pore "canal" lined with fibrous rings, and a subtending vacoular 
system. The cell bears two types of trichocysts, spindle and flask­
shaped. The spatial relationship of the flagellar apparatus, pedun­
cle, pusular system, and food vacuole suggests that the phototrophic 
Peridinium inconspicuurn is capable of phagocytosis. A myzocytosis 
mechanism involving an osmo-gradient generated by the pusular system is 
proposed. 
2 .  INTRODUCTION 
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Since the first description of Noctiluca in 1753 by Henry Baker 
in his Employment for the Microscope, over 4, 000 additional living and 
fossil dinoflagellate species have been described (Taylor 1987a) . The 
dinoflagellates are an assemblage of phototrophic and myxotrophic 
protists that have a considerable diversification of forms (see Taylor 
1987b for more information on dinoflagellate form and diffentiation). 
At the ultrastructural level, the dinoflagellates possess many dis­
tinguishing features: a distinctive nucleus with condensed chromosomes 
at most life stages, an elaborate cell covering, characteristic hetero­
dynamic flagella, a system of pusules, and elaborate arrays of extrusive 
organelles. Given the enormous diversity of the dinoflagellates, our 
knowledge of the ultrastructural cell biology of dinoflagellates is 
fairly limited, with less than 30 species described in detail (Dodge 
1971, Dodge & Greuet 1987, Spector 1984, Steidinger & Cox 1980). 
Although a number of studies have been published on the dine­
flagellate flagella, most have been focused on the surface morphology 
of the transverse flagellum (Berdach 1977, Berman & Roth 1979, Herman & 
Sweeney 1977, Leadbeater & Dodge 1967a, 1967b, Leblond & Taylor 1976, 
Taylor 1975). Only in recent years has the dinoflagellate flagellar 
root apparatus been the subject of intensive and meticulous electron­
microscopic (EM) scrutiny and reconstruction (Bullman & Roberts 1986, 
Farmer & Roberts 1989, Roberts 1985, 1986, 1989, Roberts & Timpano 
1989). Yet, the internal organization of dinoflagellate flagella 
remains relatively unknown: only one complete reconstruction of the 
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transverse flagellum in Peridinium cinctum (Rees & Leedale 1980), and 
two of the longitudinal flagellum of Qxyrrhis marina (Cachon et al. 
1988) and Ceratium tripos (Maryama 1982). Furthermore, studies on sur­
face appendages of the flagella in dinoflagellates, i . e .  non-tubular 
mastigonemes, are fragemented and often lacking in details {Moestrup 
1982). 
This void of information on the dinoflagellate flagella is unfor­
tunate, since the preliminary picture is one of wide diversification, 
comprising complex flagellar roots, external and internal accessory com­
ponents. This diversification in flagellar components could provide new 
information into flagellar motility and the cytoskeleton of protists. 
Two of the more intriguing flagellar accessory structures are the para­
xonemal fiber {PAF), exclusive to the dinoflagellates, and the paraxial 
rod {PAR), a "rare" structure that is found in only three other pro­
tistan groups, i. e the euglenoids, kinetoplastids and pedinellids. 
Moreover, the recent localization of centrin, a protein originally 
isolated from green algal striated rootlets, in the paraxonemal fiber of 
Peridinium inconspicuum {Hohfeld et al. 1988, Salisbury 1989 ) is pro­
voking many inquiries about the biology of dinoflagellates. 
The primary objective of this report is to elucidate the struc­
tural organization of the dinokont E. inconspicuum. In addition, we 
examine the spatial relationship of the components within the complex 
sulcal region, including the flagellar root apparatus, pusular system, 
stigma and the peduncle. The structural organization of the longi­
tudinal flagellum and the paraxial rod is presented in Part III, and the 
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ultrastructure of the peduncle and flage l l ar root apparatus are 
described in greater detail in a separate report (Ngo & Walne 1 990 ) . 
Habitats 
3. MATERIALS AND METHODS 
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A survey of a variety of freshwater aquatic systems in Lake Itasca 
State Park, Lake Itasca, Minnesota, during the summers of 1987 and 1989 
indicated that Peridinium, inconspicuum, is found in abundance in North 
Deming Pond, Ice House Pond and Bohall Trail Pond. These are small, 
shallow woodland ponds with low turbulence and a high concentration of 
nutrients. A more detailed description of North Deming Pond is provided 
in Ngo et al. (1987), and NgO and Pfeister (1990). 
Culture methods 
Cultures of Peridinium, inconspicuum, Lemm. were obtained from Dr. 
Lois Pfeister, University of Oklahoma, Norman, Oklahoma. The specific 
taxonomic designation was verified by comparison with Starmach (1974). 
The cultures were grown in Carefoot ' s  Medium (CFM) at 21° on a 16: 8 LD 
cycle with fluorescent illumination of ca. 1000-2000 lux. 
Descriptive methods 
LIGHT MICROSCOPY (LM) 
For routine examination, cells were observed in the living con­
dition or were fixed in 1% osmium tetroxide (Os04) buffered with CFM for 
3-4 min. Cells were examined under bright-field, phase-contrast, and 
differential-interference-contrast (DIC) optics, using a Nikon Optiphot 
light microscope, equipped with a Nikon Microflex UFX-II photographic 
system. Photographic data were recorded on Kodak T-Max film (ASA 100) 
and Kodak Panatomic X film (ASA 32). 
85 
For observations on cellular and flagellar motility, cells were 
video-taped with a Nikon Optiphot light microscope, equipped with a 
Panasonic Pro Line WV 3260 camera and Panasonic AG-6300 video cassette 
recorder. Motility data were recorded on Kodak T-30 HG video cassettes. 
TRANSMISSION ELECTRON MICROSCOPY (TEM) 
Chemical fixation. Cells were fixed for 2-3 min by adding an 
equal volume of 1% OsO4 in CFM directly to the culture tube and were 
then harvested by centrifugation at 1500 X g and concentrated in 1 ml of 
CFM . The concentrated cells were then fixed in 1% OsO4 and 2% glutaral­
dehyde buffered in CFM for 60 min at 4° C, and post-fixed in 1% OsO4 in 
CFM for another 60 min at room temperature. The integrity of flagel­
lated cells was evaluated by light microscopy after each fixation step 
and centrifugation series. Afterward, cells were rinsed three times 
with CFM, dehydrated through a graded acetone series and embedded in 
Spurr ' s  resin as described below. 
Sin�le cell selection . To allow proper examination, selection and 
orientat ion of cel l s  for mi crotomy, a fl at embedding method was used 
(Reymond & Pickett-Heaps 1983). Fixed and dehydrated cells were gra­
dually penetrated with Spurr ' s  low-viscosity resin (1969) and embedded 
between two resin-coated cover-slides. Individual flagellated cells at 
various orientations were selected from the monolayer of embedded cells, 
photographed with LM as described, and glued onto prepared stubs of 
Spurr ' s  resin using cyanoacrylate adhesive. 
Serial Sectioning. Techniques of serial sectioning (Farenbach 
1984) were used to obtain ultrastructural details for an accurate three-
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dimensional reconstruction of the PAR. Thin sections were obtained with 
a Porter-Blum MT-1 ultramicrotome using glass knives made with an LKB 
Glass Knife Maker, whereas serial thick and thin sections were obtained 
with a Reichert OMU 3 microtome, utilizing a Dupont diamond knife. The 
sections were collected on slotted copper grids coated with 0 . 33% form­
var in ethylene dichlororide (Ernest F .  Fullam Inc. ), and post stained 
with uranyl acetate followed by lead citrate . The stained sections were 
examined with a Hitachi H-600 transmission electron microscope operating 
at an accelerating voltage of 75 or 100 kV . Electron micrographs were 
recorded on DuPont COS-7 Graphic Arts film . 
Negative staining. Negative staining of normal, permeabilized and 
demembranated whole-mount cells was used to localize the PAR and to 
examine the general morphology of the LF. Cells were fixed for 4 min in 
0 . 5% OsO4 in CFM and concentrated in a loose pellet . A drop of concen­
trated cells was air dried on a slotted grid coated with formvar and 
poly-L-lysine. Specimens were permeabilized with 0. 01% digitonin in CFM 
for 3 . 5  min or demembranated with 0 . 05% Triton-X in CFM for 20 min . 
Normal and treated whole-cell  specimens were stained with 1 %  aqueous 
phosphotungstic acid, pH 7, for 2 min . After air drying for at least 1 
h, samples were examined with TEM as described for serial sectioning . 
Shadow cast . Shadow casting was used to visualize the surface 
morphology of the flagella and their associated structures. A drop of 
fixed cells was air dried on poly-L lysine/carbon/formvar-coated SO-mesh 
grids. Normal and permeabilized specimens (as described in the negative 
staining) were then shadowed by evaporation with ca. 50-nm of gold-pala-
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dium at an angle of 20° in a Denton Vacuum Evaporator, Model DV 515 at 
ca. 6 X 10 -5 Torr. Shadowed specimens were examined by TEM. 
SCANNING ELECTRON MICROSCOPY 
Scanning electron microscopy provided information on the cell sur­
face topography. Cells were fixed and harvested by methods similar to 
those used in negative stain and shadow cast preparations. A drop of 
fixed cells was transferred to a poly-L-lysine-coated, glow-discharged 
12-mm round glass coverslip and allowed to settle without drying . Cells 
were dehydrated in a graded actone series and critical point dried in a 
Ladd Critical Point Dryer. The coverslips containing samples were 
attached to aluminum stubs with graphite paint and coated with ca. 100 
run of gold/palladium (60/40), on a rotating stage in a Denton Vacuum 
Evaporator. Samples were examined with an ETEC Autoscan scanning elec­
tron microscope operating at 20 kV, and images were recorded on Polaroid 
Type 55 P/N film. 
COMPUTER IMAGE ENHANCEMENT 
Negatives of TEM images were digitally recorded by using a ·vAX­
based Perceptics 9200 Real Time Image Processing System at 512 X 512 
pixel resolution and 8-bit gray-scale resolution per pixel. The enhan­
ced image data were transferred to a Polaroid Model 48 for photographic 
recording on Panatomic X (ASA 36) or Polaroid Type 55 P/N film. 
General cell  organi zation 
4 .  RESULTS 
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External morphology - The ovoid, vegetative, motile cell of £. 
inconspicuurn is 8-10 um wide and 10-13 um long (Figs. 1-4 - all figures 
are in the Appendix). These thecate cells contain five complete lati­
tudinal plate series with Kofoid' s plate formula: 4' , 3a, 7", 6"' , 7" " 
(Figs. 1,  2 ,  43) (Kofoid 1909). The 2-3-um wide cingulum, displaced 
descendingly for 1-2 times cingular width, splits the larger, truncated 
epicone from the smaller, obtuse hypocone. The anterior of the epicone 
is capped with an apical pore complex, which is typically covered with 
mucilage (Fig. 43). The entrenched sulcus on the ventral surface extends 
from the sulcal pore to the cingulum and ca. 2 um into the epicone. The 
longitudinal flagellum (LF) and protruded peduncle (Pe) emerge from the 
sulcal pore and extend posteriorly (Fig. 1), whereas the transverse fla­
gellum (TF) emerges from a more anterior pore and extends to the left 
(Fig. 35). The TF encircles the cell and is attached to the cingulum by 
irregularl y spaced anchoring threads (Figs. 2 ,  8). The cell antapex 
bears 2-3 posterior spines (Figs. 2 ,  7). 
Internal morphology - The internal organization of a vegetative 
cell is fairly typical of a phototrophic peridinoid (Fig. 5). The cell 
periphery is covered with a thick amphiesma and underlain with triple 
thylakoid chloroplasts (C), interspersed with trichocysts of two morpho­
logical types: spindle trichocysts (Ts ) and flask-shaped trichocysts 
(Tf). The 6-um-diameter nucleus (Nu), surrounded by large vacoules (V), 
occupies most of the hypocone volume. The epicone contains a centrally 
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located, multi-lobed pyrenoid center, ca. 7 um in diameter and surroun­
ded by Golgi apparatus. An apical pore complex (AP) is situated at the 
anterior of the epicone, and a 2-3-um layer of vacuoles lies below and 
within the AP. Five compartments of the complex pusular system, with 
dimensions ca. 3 X 4 X 6 um, envelope the flagellar/peduncle root 
systems and are proximal to the sulcus and mostly in the epicone. The 
microtubular band of the internal peduncle that terminates at the apex 
of the pusule, is continuous with the microtubular basket, which extends 
in the anterior-dorsal direction (NgO & Walne 1990). · Interspersed bet­
ween these major internal structural systems are a number of typical 
dinophycean organelles, i. e. mitochondrion, lipid droplets, poly­
vesicular bodies and microbodies (Fig. 5). 
General features of the flagella 
Moti lity - The transverse and longitudinal flagella are 
significantly different in their behaviors and morphologies. Video­
microscopical observations of swimming cells indicate that the LF beats 
posteriorly in a planar-wave fashion, whereas the TF beats latitudinally 
within the cingulum and propagates three-dimensional waves. The cell 
moves forward by a leiotrophic rotation. Exposure to light and/or heat, 
from light-microscopic observations, induces the autotomy of the cell ' s  
LF, followed by the TF. When the LF is initially shed, the cell 
continues to propel itself forward leiotrophically, but the diameter of 
the rotation is ca. twice the original and the cell vibrates sideways. 
After ca. 3-5 mins, the cell stops its forward motion, spins in a cir­
cle, and ejects its TF before settling on the slide. After ejection, 
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the TF continues to beat helicoidally for 5-10 seconds before coming to 
rest. 
structural organization of the longitudinal flagellum, - The ex­
ternal portion of the LF, 32-35 um long, can be divided morphologically 
into three regions: a) a ribbon-like proximal region, 0. 8-0. 9 um wide 
and 24-26 um long, b) a cylindrical distal region 0. 45-0. 47 um wide and 
6-7 um long, and c) a flattened tip region, 2-3 um long (Fig. 7). Only 
the proximal region is supported with all three skeletal components: a 
fairly straight 9+2 axoneme (Ax), a hemi-cylindrical paraxial rod (PAR), 
and intraflagellar bodies (IFB). The distal region contains the whole 
9+2 axoneme, whereas the tip comprises only the central pair. The LF is 
coated with nontubular mastigonemes that are unilaterally and indepen­
dently attached to the flagellar surface. A more detailed structural 
analysis of the LF is presented in Part III. 
structural organization o f  the transverse flagellum -
Skeleton - The flagellar membrane is expanded to encompass 
the three major skeletal components of the transverse flagellum: a heli­
coidal axoneme (Ax), a relatively straight paraxonernal fiber complex 
(PAF), and a mastigoneme-anchoring fibril (MaF) (Figs. 6, 10, 17-21). 
The axonemal portion, 50-60 um long, external to the flagellar pore fol­
lows a helical path within the TF, only 40-45 um long. The axoneme 
forms six complete helical loops, each ca. 5 um in length; the axoneme 
then extends to the flagellar tip in a relatively straight path. 
Although the axoneme is contorted to form these helixes, it maintains 
its 9+2 configuration throughout the length of the flagellum. Juxta­
posed between axonemal doublet no. 9 and the flagellar membrane is a 
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mastigonemal fibril, 30 nm wide, where mastigoneme filaments are 
attached (Figs. 17-21). 
The paraxonemal fiber complex (PAF) is made up of three fibrils 
(PAFl, PAF2, PAF3) and lies along the innermost flagellar edge. Thus, 
the PAF is parallel to the TF "longitudinal " axis, whereas MaF is 
parallel to the helicoidal axonemal axis. However, both internal acces­
sory components terminate at the same point, the completion of the sixth 
helical axonemal loop (Figs. 6, 10). Hence, the TF can be spatially 
divided into two regions: a. a helical proximal region (35-40 urn from 
TF pore) and b. a fairly straight distal region (ca. 5-10 urn long). 
Shadowcast preparations of TF, completely released from the cin­
gulurn, show that the PAF runs through the hemicylindrical axoneme (Fig. 
10). On the other hand, shadowcasts of TF partially released from the 
cingulum, show the PAF lying outside of the helical axoneme (Fig. 9). 
SEM of intact flagella (Figs. 2, 8, 35) and TEM of serial sections 
through the TF support the "helical" model. 
Surface appendages - The proximal flagellar surface is 
coated with arrays of nontubular mastigonemes (Ma) of three morpho­
logical types: (Mal) long, thin filaments - diameter: ca. 6 nm, length: 
ca. 2, 000 nm; (Ma2) short, thin filaments - diameter: ca. 6 nm, length: 
ca. 1000 nm ; (Ma3) short, thick filaments - diameter: ca. 20 nm, 
length: 1000-1500 nm (Figs. 10, 15, 16). Typically, two Mal and two 
Ma2, emerge from the flagellar surface and loosely intertwine to form a 
mastigoneme bundle (Figs. 11, 12). Bundles of Mal and Ma2, spaced ca. 
150 nm apart, primarily form the extensive mastigoneme coat of the TF, 
as Ma3 are often detached from the flagellum due to preparative proce-
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dures for EM. When attached, Ma3 filaments emerge as independent units 
and appear squiggly (Fig. 12). The surface of the distal region is 
bare, with the exception of a tuft of 5-8 tightly coiled Mal and Ma2 
(Fig. 13). 
At a periodicity of 30-35 nm, Mal and Ma2 units are attached indi­
vidually to the MaF, which is appressed to the flagellar membrane and 
spaced ca. 23 nm from the axoneme (Figs. 17-19). At the same periodi­
city (30-35 run), the MaF is connected to doublet no. 9 by periodic 
connections, diameter ca. 12 nm. The mode of attachment for Ma3 and Ma 
tufts at the distal tip is unknown. 
Paraxonemal fiber complex - The PAF complex is composed of 
three sub-components: a fibril adjacent to the axoneme (PAF3), a fibril 
running along the flagellar edge opposite the axoneme (PAF2), and a main 
striated fibril (PAFl) (Figs. 20-23). PAFl appears as a curved band of 
variable thickness that inflects concavely to the axoneme and lies bet­
ween PAF2 and PAF3. The three subcomponents are interconnected by 
fibrous connectives at periodicities of ca. 50 nm from PAF3 to PAFl, and 
ca. 75 nm from PAF3 to PAFl (Fig. 23). In addition, PAF is attached to 
an axonemal doublet, most likely no. 5 or 6, at a periodicity of 80 nm 
(Figs. 17, 22). All fibrils of the PAF, whether longitudinal or lateral 
connectives, do not appear striated; instead, they are covered with a 
fibrous network and have a "fuzzy" appearance. 
The PAF complex emerges from the distal end of the transverse 
striated root and extends into the flagellum at a right angle to the 
axoneme (Fig. 26). At its entrance in the LF, the PAF branches to form 
PAFl and PAF2 filaments. Both PAF fibrils angle sharply ca. 20 nm into 
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the axoneme and run parallel to the longitudinal axis (Fig. 26). The 
PAF2 branches immediately from PAFl and is directed toward the axoneme 
(Fig. 23) . 
Root system - The longitudinal (LB) and transverse (TB) basal 
bodies, oriented at ca. 120° to each other, are bound at their proximal 
ends by a striated root connective (SRC) (Figs. 24-26). From the ven­
tral surface of the SRC, a striated connective (lb/vlmr) emerges and ex­
tends to the cell ' s  ventral left (Fig. 24). On the dorsal surface of 
SRC, a fibrous horn-like extension radiates from the TB in a posterior 
ventral direction and terminates at the longitudinal "striated" collar 
region (LSC) (Figs. 25-26). From this horn-shaped structure, a longi­
tudinal microtubular root (LMR) emerges proximally and curves to the 
ventral posterior, passing the intraplastidic stigma (Figs. 32, 39-42). 
A transverse striated root (TSR) also emerges distally from this horn­
shaped structure and runs to the convergence point of TSR and transverse 
striated collar (TSR). Although the flagella then emerge independently 
through individual flagellar pores, they are surrounded by two striated 
collars (TSC and LSC), that are attached by a striated collar connective 
(Fig. 26) . 
Organization of the pusular system 
The pusule is a complex system of single-membrane-bounded tubules, 
vesicles and chambers, in which the pusul ar membrane is tightly 
appressed to a larger cell vacoular membrane. The pusule system can be 
differentiated into five systems: a) a central chamber (PuCC) with one 
large and two branching compartments, b) spiral tubules (PuST) beneath 
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the LF and TF pore, c) convoluted tubules (PuCT) enveloping the internal 
peduncle, d) rows of pusule vesicles (PuV) aligned with the chamber, and 
e) extending tubules (PuET) that proceed anteriorly (Figs. 27-34). 
conyoluted and spiral tubules - The PuST system is a spiral 
extension of tubules, ca. 200-260 nm in diameter, at the base of the 
root system with the axis of the helices at nearly right angles to the 
TF longitudinal axis (Fig. 32). The PuST is the only compartment of Pu 
that shows only a single membrane, indicating that it is not enveloped 
by a vacuolar membrane. The PuCT is a convoluted system of tubules 
adjacent to the ventral surface and houses the internal peduncle (Figs. 
27-2 9). The posterior of the PuCT is less dense with cytoplasm, and 
tubules are more "loosely" arranged than the anterior (Figs. 31, 32) . 
Anastomosing fine fibri ls bind inner membrane surfaces opposite each 
other in the lumen of both types of tubules. 
Central chamber - The Puce large compartment, ca. 2 x 2 x 4 um, 
lies ventral left of the sulcal pore and posterior to the stigma (Figs. 
27-30, 33-34). The left sides of PuST and PuCT are connected to the 
upper and lower branching compartments of the Puce, which extend left 
and merge with a larger compartment (Figs. 33-34). A membraneous reti­
culum is scattered in the central chamber lumen. 
Vesicles - Rows of pusular vesicles (PuV) appear to be al igned 
with the central chamber by surrounding rows of microtubules (Fig . 33). 
The vesicles may be empty or may contain a single membraneous body. 
Vesicles containing a body appear to be formed, or unloaded, at the 
edges of the central chamber (Fig . 33). 
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Extending tubules - Extensions of a single tubule (PuET) , ca . 70 
nm in diameter , pro ject dorsal-anteriorly from the central chamber .  
Data collected from serial sections indicate that the PuET extends past 
the pyrenoid center, and perhaps is connected to the apical pore vacuo­
lar system . 
The protruded peduncle 
When cel l s  of � - inconspicuum are subj ected to 1% Os04 , the 
peduncle is immediately protruded from the sulcal pore (Figs . 4, 5, 7 
3 5 ) . Since 1%  Os04 i s  used as an EM fixative , al l ultrastructural 
observations of the peduncle are of its protrusive state . 
External portion - The peduncle i s  a single-membrane-bounded 
cytoplasmic columm protruded from the sulcal pore and extending pos­
teriorly for 3-5 um (Figs . 1, 4 ,  5, 3 5 ) . The lateral margins of the 
peduncle are expanded and slightly folded, so its ventral and dorsal 
surfaces are concave and convex , respectively . The peduncle ventral 
surface is lined with a curved row of 20-30 microtubules (PeMB) , spaced 
ca . 25 nm apart, that runs from the anterior of the pusule (PuCT) to ca . 
9 00  nm from the peduncle tip (Fig . 3 6 ) . The peduncle i s  packed with 
cytoplasm and vacuoles, some of which are electron oapque or contain an 
electron-opaque core . 
Internal portion - Inside the cell , the peduncle is housed in the 
PuCT (Fig. 27 )  and is closely associated with the pusular tubules (Figs . 
27-30 ) , as its dorsal edge appears to fuse with the tubular system (Fig . 
2 8 ) . The peduncle i s  more defined toward its emergence point from the 
cell , where its lateral edges are fused with the sulcal pore (Fig.  38) . 
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In addition, the peduncle surface is attached to the sulcal pore by an 
extensive system of anchoring threads. 
Stigma apparatus 
The intraplastidic stigma (St) of the vegetative cell is situated 
immediately behind the sulcal pore, and the longitudinal microtubular 
root of the LF is wedged between the two structures (Figs. 32-33). The 
stigma is composed of primarily 2 layers of osmophilic granules (StG), 
one positioned ventrally (StVL), and the other dorsally (StDL). 
Depending on the plane of section, granule units may appear hexagonal to 
spherical, and can apparently fuse with adjacent granules to form a 
helical pattern (Figs. 40-41). Individual StG from the two layers are 
connected by fibrils (StC). In addition, StG of the ventral layer are 
also attached to the microtubules of the LMR by fibrillar connectives. 
Structural organi zation of the apical pore complex 
Surface topography - The surface of the apical pore complex (AP) 
consists of a mucilage-covered apical pore plate (APP) at the extreme 
anterior of the cell, connected posterior-ventrally to a canal plate 
(CP), and surrounded by three larger plates of the apical series (A ' ,  
A", A" ' )  (Fig. 4 3) . 
Internal organization - Anterior edges of the apical plates con-
verge and form an urn-shaped opening, which is capped with a "plug-like" 
apical pore plate (Fig. 45). An elaborate system of vacuoles (APV), 
lined with an invaginated membrane and appressed to a larger vacuolar 
membrane, lies beneath and within the AP opening (Figs. 44-49). The APV 
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abuts 1-2 larger, posterior central vacoules (APV) (Figs. 47, 44). 
Similar to the pusular tubules, anastomosing fibrils extend across the 
lumen of APV. 
Apical pore canal lAPCl - The anterior edge of the apical plates, 
abutting the apical pore, is "notched" with a circular canal (APC), ca . 
60 nm wide and ca. 60 run deep (Figs. 44-6). The canal is lined with 
five apical canal rings (ACR), attached to each other by longitudinal 
fibrils (Figs. 46, 51). The _five ACRs are designated from posterior to 
anterior as ACRl - ACR5, in which ACRl is 30 run wide and ACR2 - · ACR5 are 
20 run wide. The anterior and posterior inner surfaces of the canal are 
connected by apical longitudinal connectives (ALC), ca. 30 nm wide 
(Figs. 45, 46). 
Apical pore fibrous system - The urn-shaped opening is lined with 
a radiating system of " striated" apical pore fibers (SAF), ca. 50 nm 
wide. The anterior ends of SAF are directly attached to, or indirectly 
by connecting fibrils, to ACRl (Fig. 50). The fibers then radiate 
posteriorly, remaining appressed to the apical plates, and terminate 
near the periphery of the vacuolar system (Figs. 45, 47-51). 
Microtubular system associated with AP - The posterior end of SAF 
is connected to subthecal microtubular bands (STM) (Fig. 47) which then 
proceed posteriorly. Another subtending microtubular system (AVM) runs 
parallel to the STM and attaches to the posterior vacuolar system. The 
two microtubular systems are connected by microtubules (ALM) oriented 
longitudinally (Fig. 47). 
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Structural organi zation of the spindle trichocysts 
Charged trichocyst - The mature, charged, spindle trichocyst (Ts) 
consists of a thread-like tip (TsT) and a paracrystalline body (TsB), 
enclosed within a sheath (TsSh) (Figs. 52-56). The Ts body, ca. 200 nm 
wide and up to 1000 run long, contains a paracrystalline core, which 
extends the length of the Ts body. The core is square in cross section, 
each side ca. 80 nm, and is tapered toward the apex, where it terminates 
at an apical cap (TsCC). The core is composed of two series of 
filaments, criss-crossing at right angles and forming square "subunits" 
with 24-nm sides. 
The Ts tip, ca. 140 nm wide and ca. 900 run long, is composed of 
ca. 12 fibril s (TsTF), 22-25 run in diameter. The fibrils radiate 
anteriorly from the core cap, gradually converge and eventually twist 
tightly at the apex of the Ts (Figs. 52, 53). The Ts membraneous sheath 
loosely envelopes the core and tip, with 20-nm spacing between the two 
structures. The inner surface of the sheath is lined with helical 
filaments oriented at 5-10° to the Ts longitudinal axis (Fig. 53). The 
helical filaments are spaced ca. 25 nm at the body region and ca. 50 nm 
at the tip. The charged Ts is positioned beneath the thecal plates bet­
ween the peripheral chloroplasts. 
Discharged trichocyst - When the charged Ts is triggered for dis­
charge the tip fibrils are released from the core cap (Fig. 56). Mem­
branes at the Ts anterior fuse with the outer thecal membrane and form a 
circular opening. The tip fibrils and core cap are then released, and 
the paracrystalline core degenerates as its contents are extruded (Fig. 
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54). As the contents contact the extracellular environment, a new 
crystalline pattern develops and forms the Ts shaft (TsS). 
The shaft of the discharged Ts, ca. 45 nm wide and up to 10-15 um 
in length, is packed with longitudinal filaments, 2.5 nm wide (Fig. 57). 
Laterally, it shows repeating 50-nm alternating periods of 5 light bands 
(LBl - LBS) and 4 dark bands (DBl - DB4). LB2, LB4, LBS are ca. 6 nm 
wide, whereas LBl and LB3 are only ca. 3 nm wide. DB2, DB3, and DBS are 
ca. 9 nm wide, whereas DBl is only ca. 6 nm wide. 
Fla sk-shaped trichocy sts 
Charged trichocyst - The flask-shaped trichocysts (Tf) consist of 
a body (TfB) and a "neck" region (TfN), enclosed within a sheath (TfSh) 
(Figs. 58-63). The sheath is lined on its inner surface with 3-5-nm 
helical filaments with a periodicity of ca. 40 nm (Figs. 61, 62). The 
body varies in size and shape, ranging from spherical to cylindrical to 
irregular shapes (Figs. 59-61). The Tf body contains an electron-opaque 
core that is closely appressed to the sheath. An anterior stub-like 
extension of the core enters the "neck" region, and binds to the sheath 
by short fibrils, ca. 10 nm wide. 
Discharged trichocyst - The discharged trichocyst contains an 
"empty" body sac and an extruded rope (TfR) that is attached to the 
"neck" region (Fig. 58). The non-paracrystalline rope, ca. 28 nm in 
diameter, is apparently formed from the extrusion of the core contents. 
5 .  DISCUSSION 
The transverse flagellum 
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The transverse flagellum has been the subject of a number of 
investigations , most of which have focused on the surface morphology . 
From these studies,  three views on the organi zation of the transverse 
flagellum have emerged : 1 )  the axoneme i s  hel ical and a paraxonemal 
fiber (PAF) lies within the helix (Leadbeater & Dodge 1 9 67a, b ) , 2 )  the 
axoneme is  undulating, or hemi-helical , and a PAF lies outside the helix 
(Herman & Sweeney 1977 ,  Leblond & Taylor 1 97 6 ,  Taylor 1975 ) , and 3 )  the 
axoneme is  helically coiled and a PAF lies external to it (Berdach 1 977, 
Berman & Roth 1 979 ,  Rees & Leedale 1 9 8 0 ) . Of these studies, only Rees 
and Leedale ( 1 98 0 )  offer a reconstructed model based on serial sections 
for TEM. 
In this investigation, the transverse flagellum of £ .  inconspicuum 
was observed in  all three conditions described above , depending on the 
preservation of the flagellum during chemical fixation . When the trans­
verse flagellum is detached from the girdle, it may appear helical or 
hemi-hel ical , with the paraxonemal fiber lying within or outside the 
axonemal hel ix . However,  when the flagellum remains attached to the 
cingulum in it s "natural"  configuration, the axoneme is always helical , 
and the paraxonemal fiber complex consistently l ies  on the innermost 
edge of the flagellum and outside of the axonemal helix . The flagella 
that remain within the girdl e appear to  be in  a contracted state,  
whereas those released from the grid.le or cell  appear to be relaxed . In 
the contracted state, the inner edge of the helical axoneme is pulled 
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into the girdle,  most likely by the contractile paraxonemal fiber com­
plex . When the contraction stops, the torque of the helical axoneme is 
released by folding its axoneme around the now-relaxed fiber . Super­
ficially, the axoneme then appears to encircle the paraxonemal fiber . 
Two recent studies of isolated transverse flagella (Cosson et al . 
1 988 ,  Hohfeld et al . 1 9 8 8 )  support the hypothesis that PAF contraction 
causes the helical configuration . Using ca++-free MT-Buffer, Hohfield 
and coworkers (1 988 ) isolated flagella from E.  inconspicuum, from which 
they were able to immune-localize the centrin protein in the paraxonemal 
fiber . In the same year, Cosson and coworkers ( 1 988 )  isolated flagella 
from Qxyrrhis marina by increasing the ca++ concentration; ATP reacti-
vated them, allowing investigations of flagellar motility . Transverse 
flagella from Ca++-free isolation, having lost their original configura­
tion, appeared either entangled or relaxed ( see Figs . 5, 6 of Hohfeld et 
al . 1 9 8 8 ) . On the other hand, transverse flagel la  i solated in  the 
pre sence of Ca++ remained circular and folded in curve s ,  simi lar to 
their configuration in the girdle ( see Fig . 8 of Cosson et al . 1 98 8 ) . 
Flagellar movement was not generated until after ATP was added, a result 
suggesting that the axoneme, not paraxonemal fiber contraction, is the 
main component that directly propel s the flagel lum . Thi s  i s  in  
agreement with Gaines and Taylor ' s  (1985 )  observation of  an asymetry of 
the transverse flagellar beat , with the stroke being more observable on 
the axonemal edge . 
Models of transverse flagellar motion presented thus far lack some 
important information on the structural relationship between axoneme and 
paraxonemal fiber, which are often treated as independent units enclosed 
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within the flagellar membrane. In  E. inconspicuum, Hohfield and co-
workers (1988) showed that the paraxonemal fiber is a single centrin­
containing strand lying adjacent to the axoneme. How is it then that 
the paraxonemal fiber can regulate the axoneme and be confined within 
the cingulum ? This current ultrastructural study shows that the para­
xonemal fiber is a complex of three fibrils: a main, central PAFl, a 
PAF2 on the innermost edge of the flagellum, and a PAF3 adjacent to the 
axoneme and attached to it. All three fibrils emerge from the striated 
col lar of the transverse flagel lum and are bound to each other by 
fibrous connectives along the flagel lar length. In two micrographs 
(Figs. 16-17) from Hohfield et al (1988), the PARl and PAR3 show dis-
tinct labelling with anti-spectrin . Thus, the axoneme and paraxonemal 
fiber complex are bound to each other, implicating a coupling action of 
both components in flagellar motility . 
In 1985, Gaines and Taylor proposed a propulsive model for flagel­
lar motion in dinoflagellates, where the flagellar beat proceeds coun­
terclockwise as viewed from the apex. They also suggested that the 
mastigonemes amplify the strokes and propel fluid in the oppo site 
direction. In addtion, the cingular contour may also assist in direc­
ting a centrifugal clockwise flow of extracellular fluid carrying food 
particles and nutrients to the canal pore region, where a number of 
organelles implicated in phagotrophy and osmotrophy are located, i. e. 
peduncle, pusular system, phagopod, etc. Thus, the mastigonemes on the 
transverse flagellum possibly play a significant role in the enhancement 
of both cellular motility and cellular trophic conditions. 
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The mode of mastigoneme attachment in £.  inconspicuum appears 
novel for protists,  in whi ch an array of mastigoneme fibrils  are uni­
laterally anchored to a mastigoneme fibril lying on the inner surface of 
the flagellar membrane . On the other side, thi s fibril is attached to 
axonemal doublet 9 .  It appears that mastigoneme s in £ . inconspicuum 
are firmly anchored to the transverse flagel lum for several possible 
reasons . First ,  a firm anchorage may reduce mastigoneme shedding, 
particularly if food particles are being centrifugally spun around the 
cingulum and come in frequent contact with the flagellum . Second, it 
may enhance the stability of the mastigoneme s and maximi ze the ampli­
fication of the flagellar stroke . Third, the mastigonemal fibril is  
attached to axonemal doublet 9 ,  which suggest s a coupl ing action of 
mastigonemes and axoneme in flagellar motility . As axonemal doublet 9 
slides  forward, it also pulls  the mastigoneme fibril forward, and pos­
sibly forces the mastigoneme array to drag the opposite direction . 
During their study of reactivated flagellar motility , Cosson and 
coworkers ( 1 98 8 )  induced flagellar excision in Q .  marina by increasing 
the ca++ concentration . Similarly , the flagella  of Chlamydomonas 
reinhardtii can be excised in the presence of calcium. More specifi­
cally , the axoneme is  severed at the transitional region by contraction 
of a stellate structure that locali zes the protein centrin ( Sander & 
Sal i sbury 1 9 8 9 ) . A s imi l ar centrin-mediated mi crotubule- severing 
mechanism may exist in the dinoflagellate Q .  marina to induce flagellar 
excision . Although a stellate structure has not been documented in 
dinoflagellate flagella, centrin has been preliminarily localized in the 
flagellar collars (Roberts & Timpano 1 989 ) . Therefore, the flagellar 
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collar is apparently a logical structure responsible for flagellar auto­
tomy in dinoflagellates. Obviously, structural and biochemical ana­
lyses, similar to those of Sander and Salisbury (1989), of this region 
during flagellar autotomy in dinoflagellates is needed to determine the 
specific mechanism involved. 
Peduncle  
The peduncle has been reported in phagotrophic species Amphid,inium 
poecilochroum , Gyrodinium lebourae, Katodinium fungiforme and 
Peridiniopsis herolinense (Larsen 1988, Lee 1977, Spero 1982, Wedemayer 
& Wilcox 1984). The parasitic forms also possess this organelle, e. g. 
Paulsenella ®· , Dissodinium ®· , Ood,inium fritillariae (Cachon & Cachon 
1971, Drebes & Schnepf 1982). A peduncle has been found in photo­
synthetic forms as well, e. g. Amphid,inium cryophilum, Ensiculifera ® · , 
Gymnodinium sanguineum, Gyrodinium instriatum,, Protocentrum mariae­
lebourae, scrippsiella arenicola and Symbiodinium microadriaticum (Faust 
1974, Gaines & Elbrachter 1987, Loeblich & Sherley 1979, Wilcox et al. 
1982) . This current report of a peduncle in £. inconspicuum is the 
first for a presumably obligate autotroph (Holt & Pfeister 1981). Thus, 
it appears that the peduncle is a structure commonly found in most dino­
flagellates and, in most organisms examined, appears to be superficially 
similar. The peduncle is a cytoplasmic column containing vesicles and 
rows of microtubules, termed a "microtubular basket" by Kubai and Ris 
(1969), that can be extruded through the canal pore. The "microtubule 
basket" may contain one or multiple rows of microtubules that extend 
deep within the cell. In Perid,iniopsis herolinense (Wedernayer & Wilcox 
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1984), Paulsenella ,Sl2 .  (Schnepf et al. 1985), and Amphidin�um chyo.philum, 
(Wilcox & Wedemayer 1990), the peduncle microtubules were reported to 
emerge from the cell through a striated collar, or sphincter. 
The internal and external portions of the protruded peduncle of £. 
inconspicuum have a single row of ca. 28 microtubules on the ventral 
face. Although, the peduncle terminates at the apex of the pusular sys­
tem, the microtubules are connected to a basket of microtubular rows 
that extends to the anterior dorsal side of the cell (Ngo & Walne 1990). 
Since the two microtubular systems appear · morphologically different, the 
term "peduncle microtubular band" designates the microtubules within the 
peduncle, and "microtubular basket " is used for the radiating micro­
tubular system anterior to the peduncle. At the emergence point of the 
peduncle in the canal pore, the microtubules pass through an electron­
dense peduncle collar (NgO & Walne 1990), which appears identical to the 
collars reported in other dinoflagellates. Furthermore, the peduncle 
collar is directly bound to the collar of the transverse flagellum, 
which is then attached to the collar of the longitudinal flagellum by a 
collar connective. Although they are at different locations and asso­
ciated with three different structures, the three collars appear super­
ficially similar . Although striations are not clearly observed in the 
flagellar and peduncle collars of £. inconspicuum, they are most likely 
contractile structures for two reasons: 1) centrin was preliminarily 
reported in the flagellar collars of � - inconspicuym (Roberts & Timpano 
1989 - personal cormnunication with Melkonian), and 2) calcium, which has 
been reported to mask the striations of peduncle collars in Paulsenella 
� - (Schnepf et al. 1985), was used in the EM chemical fixation. 
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In their ultrastructural investigations of Paulsenella species 
feeding on diatoms, Schnepf et al . (1985) reported that the prey ' s  
cytoplasm is sucked up through the peduncle and deposited in a food 
vacoule. They termed this phagocytotic process "myzocytosis", and also 
suggested that the main force driving the process is a hydrostatic pump 
generated by the contraction of striated collar, pellicle and peduncle . 
In £. inconspicumn, a large food vacoule is located at the anterior of 
the cell and within the contour of the microtubular basket (Ngo & Walne 
1990) . Although active feeding has not been observed directly, 
ultrastructural observations of the protruded peduncle and food vacuoles 
indirectly suggest that £. inconspicuurn can feed phagotrophically, most 
likely on bacteria in the cultures. 
The fol l owing myzocytotic events are suggested for P... 
inconspicuurn, based on ultrastructural information collected from this 
study and supplemented by other ultrastructural studies of dine­
flagellate feeding by the peduncle : 1) the presence of prey generates a 
signal for the extension of the peduncle, 2) signals are received by 
the peduncle collar, which acts like a sphincter and opens a center 
diaphragm, 3) the diaphragm allows passage of microtubules and vesicles 
into the cell, 4) the peduncle elongates by extension/addition of mem­
branes in the posterior direction, which is immediately underlain on the 
ventral surface with microtubules, 5) the protruded peduncle pierces 
the prey, and 6) prey cytoplasm is sucked inside the cell and guided by 
microtubular band and microtubular basket to the food vacoule at the 
anterior of the cell. 
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The extension of the peduncle obviously requires the addition of 
membranes, posing a question on the possible origins of new membranes: 
are they newly synthesized, or "borrowed" from other organelles ? Near 
the peduncle in £. inconspicuum, there are no obvious organelles that 
could suggest membrane synthesis. No vesicles shuttling membranes from 
the Golgi or ER are observed in this region. It is possible that as the 
peduncle is protruding, it pulls along membranes from the surrounding 
pusular tubules, which appear as folded layers at other pusular areas 
not in contact with the peduncle. Evidence supporting this theory 
include: 1) the membrane of peduncle and pusule is continous at the 
pusular anterior, 2) membranes of the convoluted pusular tubules are 
tightly attached to the dorsal edge of the internal peduncle, and 3) 
rows of vesicles, empty or containing a membraneous "ball" , appear to be 
aligned with the pusular central chamber which is connected to the 
convoluted tubules surrounding the peduncle. Each vesicular row is com­
posed of either empty vesicles, or vesicles that contain a membraneous 
ball , suggesting loading and unloading of membranes at the pusule. 
It is possible that prey cytoplasm is pumped into the cell by a 
hydrostatic gradient generated by the contraction of striated collar and 
pusular system as suggested by Schnepf et al. (1985). However, most 
spectrin-mediated contractile systems that are designed for extended 
period of contraction, i. e. striated roots and paraxonemal fibers, 
usually are thinner fibers. The peduncle collar is much thicker. It is 
uncertain whether the striated collar is contractile, and if so, whether 
it is structurally designed for long term and continuous contraction, 
which is required to pump the prey ' s  cytoplasm internally. Another 
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possible hydrostatic force could simply be generated by an osmotic 
gradient between the prey ' s  cytoplasm and the large vacant pusule, most 
notably is the central chamber. An internal flow induced by a simple 
osmotic gradient may be more fluent and requires little or no energy to 
perpetuate. The addition of membranes to the central chamber may serve 
to increase pusular volume and to generate a higher osmotic gradient. 
The ability of dinoflagellates to grow and divide without external 
organic compounds appears to be the exception more than the rule, since 
only six of more than 2, 000 dinoflagellate species have been reported, 
to date, as strict autotrophs, including £. inconspicuum (Holt & 
Pfeister 1981). That £. inconspicuum is supposedly a phagotrophic 
organism disagrees with the finding that it can grow without the pre­
sence of thiamin, biotin, and vitamin Bl2 (Holt & Pfeister 1981). 
Further studies on the nutritional modes, i. e. autotrophic and/or 
phagotrophic, of E. inconspicuum are needed. 
Apical pore complex 
The apical pore is a common feature of most thecate 
dinoflagellates in the orders Peridiniales and Gonyaulacales. The pore 
is bounded by a pore plate at the extreme anterior and abutted ventral­
posteriorly with a canal plate (Dodge & Greuet 1981), with the exception 
of the genus Ceratium. In Ceratium, the apical pore contains a cir�ular 
pore, formed by thecal plates of the apical series, that is without pore 
plate or canal pore. 
To date, the detailed internal organization of the AP has been 
examined only in the gonyaulacoids Scrippsiella sweeneyae (Roberts et 
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al. 1987) and s. arenicola (Horiguchi & Pienaar 1988), and in the peri­
dinoids Heterocapsa pyQroeae (Roberts et al. 1987) and Peridinium 
inconspicuurn (current report). Interestingly, the apical pore complex 
of all four species is structurally different. One common feature, 
however, is the apical pore fibrous complex, or striated apical coni cal 
collar, which is a system of striated fibers that lies immediately 
beneath the pore plate and connects to subthecal microtubules. Roberts 
et al. (1987) also pointed out that Peridiniopsis berolinense possesses 
an apical pore fibrous complex (Wedemayer & Wilcox 1984), and Ceratium 
hirundinella lacks such a structure (Dodge & Crawford 1970, Roberts et 
al. 1987). 
Although fibrous rings are reported in Scrippsiella sweeneyae, 
Heterocapsa pywoeae and Peridinium inconspicuum, there are subtle 
differences in each species. Whereas, E. inconspicuurn has five apical 
rings and s. sweeneyae contains apparently only three (see Fig. 16 in 
Roberts et al. 1987), E. pygmeae appears to bear only one thicker ring · 
(Roberts et al. 1987). on the other hand, s. arenicola does not appea� 
to have any fibrous rings. In comparison, this marine stalk-forming 
dinoflagellate is unique in having several structures associated with 
the formation of the apical stalk, including: the apical stalk itself, 
a stub-like structure, and apical stalk chambers (Horiguchi & Pienaar 
1988). The apical pore complex of this tide pool organism is clearly 
the site of apical stalk formation. Although, the apical stalk is used 
for attachment to a sand substrate, it is rarely used by s. arenicola, 
an organism that has adapted to this interstitial environment by sinking 
to the bottom of the sand layer during high tide. It would be of 
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interest to examine comparative morphology of a number of other stalk­
forming dinofl agellates, i. e. the peridinoid Scrippsiella hexaprae­
cingular, and members of the non-motile phytodinoids, Stylodininium. It 
should also be noted that a number of marine chain-forming dinoflagel­
lates, e. g. Gymnodinium catenatum (Morey-Gaines 1 982) and Proto­
gonyaulax (Balech 1 967), are attached to each other by intercellular 
connections emanating from the apical pore region. More detailed 
examinations are needed to determine whether stub-like structures are 
present in all catenate gonyaulacoids, and their possible role in this 
colonial habit. 
Another largely neglected common feature of all apical pores 
examined by TEM to date is a layer of vesicles and tubules lying beneath 
the apical pore fibrous complex. These single-membrane-bounded struc­
tures are tightly appressed to membranes of larger vacoules, thus giving 
the appearance of being surrounded by double membranes. Furthermore, 
the apical vacuolar system of � - inconspicuum, appears to be differen­
tiated into systems of smal ler tubules and a larger vacuoles. These 
structures are thus reminiscent of the pusular system located in the 
flagellar pore region. It should also be noted that the pusular system 
of � - inconspicuum contains extending tubules that extend toward the 
apical vacuolar region. Interactions between the flagellar and apical 
pore regions are suggested in Ceratium, tripos . When the cell ' s  anterior 
horn bumps into particles or debris, the cell reponds by contracting and 
folding up the posteriorly oriented longitudinal flagel lum (Maryama 
1981), a response suggesting that a signal-processing system connects 
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the two regions . However, a possible signal transmittance source in the 
apical pore of �- tripos has not been examined. 
During the evolution of dinoflagellates, the pore that contains 
the flagellar apparatus appears to have been relocated a number of 
times: anteriorly, ventrally and posteriorly. One of the plaguing 
questions in dinoflagellate evolution is, which is the more primitive 
condition ? A possible clue may be the apical pore region. Based on 
preliminary structural information, it appears that the apical pore may 
have been a modified flagellar · pore for a number of reasons. Firstly, 
it contains vacuolar systems that appear similar to the pusular systems 
of the flagellar pore region. Secondly, it is the convergence point of 
a radiating striated fibrous system, and subsequently the microtubular 
cytoskeleton. The only region of protistan flagellates that is 
subtended with both striated and microtubular components of such 
complexity is the flagellar pore or reservoir, e . g .  dinoflagellates and 
euglenoids (Dodge & Greuet 1987, Farmer & Triemer 1988, M0estrup 1982) . 
Thirdly, the ability to form stalks from secretion of mucilaginous 
materials through an anterior pore is strikingly similar to the stalk 
formation of the euglenoid Colacimn (Killen et al. 1984, Rosowski 1977, 
Ward & Willey 1981, Willey & Giancarlo 1986) . Fourthly, the apical pore 
is found thus far only in the dinokonts, specifically in the peridinoids 
and gonyaulacoids, where the flagellar pore is on the ventral surface. 
In the desmokonts, which have an anterior flagellar pore, there is not a 
similar pore at the posterior end. Similarly, there has not been any 
report of an apical pore in the opisthokonts, in which the flagellar 
pore is located posteriorly . 
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It may be that having an anterior flagellar pore as in the 
desmokonts is the primitive condition, and having a posterior flagellar 
pore as in opisthokonts is the advanced condition . The transitional 
stage may be the formation of a ventral flagellar pore, and the modifi­
cation of the original flagellar pore into the apical pore . If this 
evolutionary scheme is accepted, then the precursor of the dine­
flagellates would most likely be a flagellate with an anterior flagellar 
pore . Interestingly, recent molecular phylogenetic analyses (Baroin et 
al . 1988, Cedergreen et al . 1988, Lenaers et al . 1989) suggest an 
earlier emergence of the euglenoids and kinetoplastids in the eucaryote 
line in comparison with the dinoflagellates . Intriguingly, both eugle­
noids and kinetoplastids are heterokonts with an anterior pore . 
Trichocysts 
The spindle trichocysts of Peridininium inconspicuum are funda-
mentally similar to those reported in other dinoflagellates (Bouck & 
Sweeney 1966, Livolant 1982a, b, Livolant & Karseni 1982, Messer & Ben­
Shaul 1971) . However, two new features of the trichocyst are observed 
in � . inconspicuµm: 1 .  an apical cap on the trichocyst core, and 2 .  tip 
fibrils connected to the core cap . It appears that contents of the core 
are compressed by the cap, which is then attached to the trichocyst 
fibrils of the tip (Tt) . Bouck and Sweeney (1966) proposed a mechanism 
of trichocyst discharge, including the sequential events: 1 .  a signal 
triggers fusion of the trichocyst membrane and the cell's outer mem­
brane, 2 .  A rapid influx of water breaks down the existing paracrys­
talline core, 3 .  Rapid recrystallization of core contents in the tri-
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chocyst shaft. Except for some modifications, the discharge of tri­
chocysts in E. inconspicuum is similar to their proposed mechanism. The 
coiled nature of tip fibrils suggests that they are slightly compressed 
within the tip region. After membrane fusion, the fibrils are released 
into the extracellular environment, pulling along with them the core cap 
(Figs. 54, 56), and subsequently releasing the compacted core contents. 
Once outside the cell, the contents then interact with the extracellular 
environment, i.e. water, and recrystallize into the crystalline shaft. 
It should be noted that the banding pattern of repeating periods 
in trichocyst shafts of E .  inconspicuum, E .  westii, Prorocentrum micans 
(Bouck & Sweeney 1966, Livolant 1982b) appears superficially similar, 
with the characteristic four light bands and four dark bands. However, 
the periodicity and width of repeating periods is different in 
individual species of dinoflagellates. 
This is apparently the first description of flask-shaped tricho­
cysts (Tf) in dinoflagellates, although similar structures were observed 
in glancing sections of another freshwater dinoflagellate, Peridinio.psis 
berolinense (Wedemayer & Wilcox 1984). Similar to the spindle tricho­
cyst, the Tf is situated beneath the pore plate, ejected when stimula­
ted, and appears to have a discharging mechanism similar to that 
described above. However, the core contents do not recrystallize into a 
paracrystalline shaft, but rather re-form into a wavy "rope". The 
internal structural design is rather simple, having only the main core, 
sheath helical loops, and a stub-like neck. 
Four possible functions has been suggested for the dinoflagellate 
trichocysts: 1) as adhesive structures to surfaces, 2) as ion carriers 
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in osmoregulation, 3) as defensive organelles by mechanically forcing 
back predators by trichocyst discharge, or 4)  as blockers of predator ' s  
orifice (Hausmann 1978). In agreement with Hausmann, it seems unlikely 
that trichocysts are adhesive structures for two reasons . Firstly, 
there are thousands of trichocysts in every dinoflagellate cell that are 
ejected in every direction, which appears to be an excessive and non­
specific mode of adhesion. Secondly, trichocysts of £. westii are 
composed primarily of amino acids (Messer & Ben-Shaul 1971), not carbo­
hydrates, which are the main components of most adhesive pads . Tricho­
cysts are also unlikely as ion carriers, since electron probe X-ray 
analysis did not provide supportive evidence (Hausmann 1978). The 
suggestion of trichocysts as defensive organelles seems reasonable, 
since once discharged, the trichocyst shafts remain attached to the 
cells . The cell then appears as a sphere with radiating spine-like tri­
chocysts (unpublished observations) .  In £. inconspicuum, the radiating 
shafts, 10-15 um long, effectively tripled the cell ' s  diameter . Thus, 
predators with smaller ingestion orifices will not be able to ingest the 
cells . However, it is unlikely that the trichocysts, amino-acid-based 
thin structures, would be able to generate a force powerful enough to 
drive back predators . 
In addition, we suggest two other possible functions for the 
trichocysts, which are released due to a change in the environment, i .e .  
a wide range of mechanical, electrical, and chemical stimuli. Radiating 
structures from the cell may increase its drag force, and the cell may 
be carried, by the current, away from the hostile environment. Radia­
ting trichocysts may also generate an insulated layer around the cell, 
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thus temporarily stabilizing its temparature until the cell can effecti­
vely move away from the threatening environment. The effects of 
temperature on trichocyst discharge have not been examined to date, 
however. 
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APPENDIX 
PLATE 1 .  General morphology of Peridinium inconspicuum. 
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Figure 1 .  Thecate motile vegetative cell. Cingulum (Ci) shows 
descending, or left-handed displacement . The wide sulcus (Su) extends 
from cell's posterior to the sulcal pore, from which the longitudinal 
flagellum (LF) and protruded peduncle (Pe) emerge. SEM. Scale bar = 5 
um. 
Figure 2. The cells bear five complete latitudinal series of 
thecal plates (apicals, precingulars, cingulars, postcingulars, antapi­
cals), which collectively make up a Kofoid's plate formula of 4 ' ,  3a, 
7", 6" ' ,  7" " (cf. also Fig. 1) . The epicone is capped with a muci­
lage-covered apical pore (AP). Trichocyst pores (T) are randomly dis­
tributed on the surface of thecal plates. The cylindrical transverse 
flagellum (TF) lies within and is connected to the 2-3-um-wide cingulum 
by an array of anchoring threads (arrows). SEM. Scale bar = 5 um. 
Figure 3 .  Ovoid vegetative cell , 8-10  um wide and 10-13  um long . 
The cingulum (arrow) divides the larger truncated epicone from the 
smaller, obtuse hypocone (cf. Fig. 4). The LF extends posteriorly for 
30-35 um. DIC-LM. Scale bar = 10 um. 
Figure 4. Chloroplasts (large arrows) are arranged peripherally, 
whereas the 6-um-diameter nucleus (Nu) is situated in the hypocone. The 
ca. 7-um-wide pyrenoid center (Py) is centrally located. The transverse 
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flagellum encircles the cell and emerges from the flagellar pore region, 
where the peduncle is attached. DIC-LM. Scale bar = 5 um. 
Figure 5. Representative longitudinal section depicts the 
peripheral chloroplasts (C), pyrenoid center, and the nucleus in the 
hypocone. Peduncle emerges from the sulcal pore, whereas the longitu­
dinal flagellum emerges through its own pore. The flagellar/peduncle 
root region is surrounded by pusular tubules (Pu). The microtubule bas­
ket (MB) diverges and extends dorsally from the pusular anterior to the 
dorsal side of the cell (arrows). A chloroplast at the base of the root 
system contains the stigma (St), which is composed of electron-opaque 
granules. Interspersed between the chloroplasts are trichocysts of two 
morphological types: spindle trichocysts (Ts) and flask-shaped tricho­
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PLATE 2. Overview of the flagella. 
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Figure 6. The skeleton of the transverse flagellum (TF) is com­
posed of a helicoidal axoneme (Ax ) and a relatively straight paraxonemal 
fiber (PAF), or striated strand, whiqh are enveloped by a membrane. The 
axoneme extends the complete length of the TF, whereas the PAF termi­
nates at ca. 5 urn from the tip (arrowhead). The external portion of the 
TF can be separated into two regions: a) a relatively straight distal 
region, and b) a helical proximal region. The proximal region is 
characterized by six complete axonemal loops, in which the completion of 
the sixth loop also marks the termination of the PAF (arrowhead). The 
flagellar surface is decorated with an array of non-tubular mastigoneme 
bundles (Ma) . Shadowcast. Scale bar = 2 urn. 
Figure 7. The skeleton of the longitudinal flagellum (LF) is 
composed of a fairly straight axoneme (Ax ) , a closely associated para­
xial rod (PAR), and randomly distributed intraflagellar bodies (IFB). 
The external portion of the LF may be divided into three regions : a )  a 
ribbon-like proximal region, b) a cylindrical distal portion, and c) a 
flagellar tip . The proximal region comprises of all three major com­
ponents of the flagellar skeleton: an axoneme, a PAR and IFBs. The 
distal region comprises the 9+2 axoneme, whereas the tip region is made 
up of only the central pair. The flagellar surface bears shorter, non­
tubular mastigonemes (Ma) that are attached as individual units (cf . 
Fig. 6) . Shadowcast. Scale bar = 2 urn. 
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PLATE 3 .  Surface morphology of the transverse flagellum. 
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Figure 8 .  The wavy transverse flagellum i s  confined within a 
broad cingulum, and loosely attached to the cingular thecal plates by 
means of ca . 70-nm-wide anchoring threads (MaT) . The PAF is  contained 
within the flagellar membrane, but lies outside of the axonemal helices . 
SEM . Scale bar = 2 um .  
Figure 9 .  The TF , partially released from the cingulum, demon­
strates that the axoneme is helical . The PAF (arrows ) runs parallel to 
the axis through the axonemal helices, but remains outside of them (cf .  
Fig . 8 ) . Shadowcast . Scale bar = 2 um .  
Figure 10 . The TF , completely released from the cingulum, shows a 
more or less hemicylindrical axoneme, with its PAF (arrowheads ) running 
through the hemi-helices . The mastigonemes appear to be attached to a 
fibril  (MaF ) that l ies  adj acent to  the axoneme ( cf . Figs . 1 7-21 ) 
Shadowcast . Scale bar = 2 um.  
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PLATE 4 .  Mastigonemes of the transverse flagellum . 
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Figure 11 . Thin mastigonemes radiate as bundles (arrows) from the 
axonemal edge of the TF at a spacing of 150-200 nm (cf . Figs . 14-15) . 
The mastigoneme units are nontubular and ca . 6 nm in diameter . Shadow­
cast . Scale bar = 1 urn.  
Figure 12 . Thicker, nontubular mastigonemes (Ma3) are sparsely 
distributed along the axonemal edge, perhaps due to their frequent 
detachment from the flagellum (arrows) . Ma3 units, ca . 20 nm in diame­
ter and 1 . 0-1 . 5  urn in length (cf . Fig . 16), emerge singly from the fla­
gellum and generally appear wavy . Shadowcast . Scale bar = 1 urn.  
Figure 13 . Distal portion of the TF (560 nm wide and 250 nm long) 
contains a relatively straight portion of the axoneme (ca . 170 nm wide) 
that extends to the flagellar tip . The surface of the distal portion is 
bare, with the exception of a tuft of mastigonemes attached to the tip 
(arrow) . Shadow-cast . Scale bar = 1 urn.  
Figure 14 . Partially demembranized flagellum shows the PAF, ca . 
70 nm in diameter, following the contour of the helical axoneme; fibrils 
connect both structures (small arrows) (cf . Figs . 17, 22) . Negative 
stain . Scale bar = 1 um .  
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Figure 1 5 .  The mastigoneme bundles are made up of thin units of 
two lengths,  2 urn and 1 urn (Mal and Ma2 , respectively ) .  Two Ma2 and two 
Ma3 loosely intertwine into a bundle and extend vertically from the 
flagellar surface . Negative stain . Scale bar = 0 . 3  urn.  
Figure 1 6 .  Bundle s  of short (Ma2 ) and long mastigoneme units  
(Mal ) on  the surface of  TF (cf . Fig . 15 ) . Shadowcast . Scale bar = 0 . 3  
urn.  
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PLATE 5 .  Internal organization of the transverse flagellum. 
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Figure 17 . Major components  of the TF skeleton are : an axoneme 
(Ax ) , a paraxonemal fiber complex (PAF ) and a mastigoneme fibril (MaF ) 
( cf .  Figs . 1 9-23 ) . They are packed within a flagellar membrane with 
minima� cytoplasm .  The PAF is made up of three subcomponents :  a main 
fiber (PAFl ) and two fibrils (PAF2 , PAF3) . PAFl typically appears as a 
curved band with variable thickness that inflects concavely toward the 
axoneme . The main component (PAFl ) i s  attached to PAF3 ( small  arrow­
heads ) , whi ch lies  adjacent to the axonemal hel icoid axi s ,  and PAF2 
(large arrowheads ) ,  which runs along the flagellar edge that is opposite 
to the axonemal edge (cf . Figs . 19 ,  22 ,  2 3 ) . PAF3 is connected to the 
axoneme at a periodicity of 75  nm ( small arrows ) ( cf .  Fig .  18 ) . Masti­
goneme units are attached at a periodicity of 30 nm to MaF ( large 
arrows ) ,  which i s  wedged between axonemal doublet 9 and the flagellar 
membrane ( cf .  Figs . 18-21 , 23 ) . At the same periodicity ( 30 nm) of Ma 
attachment, additional fibers connect the MaF to doublet 9 ( cf . Figs 18,  
1 9, 21 )  TEM . Scale bar = 0 . 2  um. 
Figure 18 . Section through the MF/doublet/membrane region indi­
cates that mastigonemes units are attached directly to the ca . 30-nm­
wide MaF . In turn, the MF is connected to axonemal doublet by periodic 
connections (arrows ) ,  spaced ca . 44 nm apart . TEM. Scale bar = 0 . 2  urn.  
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Figure 1 9 . MaF is  closely appressed to the flagellar membrane and 
connected to axonemal doublet no . 9 ( arrow ) ( cf . Figs 2 0 ,  2 3 ) . PAF3 
lies  adj acent to the membrane and i s  connected to PAFl by fibrous 
connectives .  TEM. Scale bar = 0 . 3 um.  
Figure 2 0 -2 1 . Adj acent seri al oblique sections  of the TF . 
Axoneme is placed under torsion to form helices within the TF . However, 
it retains its 9+2 configuration as individual tubules uniformily curve 
and pro j ect a hel ical path . Rotation of  central pair tubule s  or 
peripheral doublets is not observed . PAFl lies relatively close to the 
proximal edge of  the axonemal heli cal loop . Periodic connections 
(arrows ) bind PAFl to PAF2 . TEM . Scale bar = 0 . 5  um.  
Figure 22 . Within the canal pore , the TF is  packed with intra­
flagellar materials .  Periodic connections between the PAFl and PAF2 are 
3- 5 nm in  di ameter ( arrow) . PAF2 appears to l ie adjacent to, and i s  
connected to, doublet 9 (cf .  Fig . 23 ) . TEM . Scale bar = 0 . 2  um .  
Figure 2 3 . Di stal to the emergence of the PAF complex from the 
collar of the TF pore (cf .  Fig. 26 ) , PAF3 and PAFl run parallel to each 
other . The third PAF3 subcomponent branches from PAFl and runs parallel 
to the axoneme . All three components lie outside the axonemal loop, but 
are connected to each other by a series of fibrous connections . TEM . 




PLATE 6 .  Flagellar roots and pusular system . 
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Figure 2 4 - 2 6 . Adj acent serial obl ique sections of the root 
apparatus from anterior to posterior . TEM . Scale bar = 0 . 5  um.  
Figure 2 4 . Basal bodies ,  LB and TB, are oriented at ca . 1 20° to 
each other, with the LB aligned with the cell ' s  longitudinal axis  and 
the TB angled toward the cell ' s  left side (cf . Fig 25 ) . The two basal 
bodies are bound by a striated root connective ( SRC ) , where a striated 
connective ( lb/vlmr) is derived, that extends to the left side of sulcal 
pore . 
Figure 25 . From the SRC, a horn-shaped fibrous extension (arrow­
head) emerges di stally and terminates at the " striated" collar of the 
longitudinal pore (LSC ) (cf . Figs . 24 , 2 6 ) . Several structures orginate 
from thi s structure ,  including : a band of  mi crotubules  that extends 
longitudinally (LMR) , and a striated root (TSR) that runs ventrally to 
the TF pore opening, where is it attached to a " striated" collar (TSC ) . 
The transverse striated collar (TSC ) is attached to TB ( small  arrowhead) 
and the TSR ( cf . Fig . 2 6 ) . A system of small fibri ls  radiates from TSR 
to the flagellar pore membrane ( cf .  Fig .  2 4 ,  arrows ) .  Sumperimposed on 
TSR is the transverse microtubular root (TMR) (arrows) (cf . Fig . 26 ) . 
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Figure 2 6 .  Thick section shows the paraxonemal fiber (PAF ) , 
originating from the TSR and extending laterally to the axoneme, where 
it angles longitudinally . PAF branches into PAFl and PAF2 upon entering 
the TF . The two fibrous collars are connected by a striated collar 
connective ( SCC) . 
Figure 27-30 . Nonadjacent serial oblique sections of the pusular 
system from anterior to posterior . Pusular central chamber (PuCC ) lies 
ventral and slightly to the right of the flagellar pore . Pusular spiral 
tubule (PuST) lies proximal to the flagellar root apparatus and connects 
the two flagellar pores to the Puce ( cf .  Figs . 31-3 4 ) . Pusular convo­
luted tubules (PuCT ) surround the longitudinal internal peduncle and 
also join the Puce at its posterior . A tubular system (PuET ) extends 
l ateral ly from the central chamber in the direct ion of the cel l ' s  
anterior . TEM. Scale bar = 1 um.  
-
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PLATE 7. Organization of the pusular system. 
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Figure 31-34. Nonadjacent serial longitudinal sections of the 
pusular system from cell's right to left. TEM. Scale bar = 1 um. 
Figure 31-32. Single-membrane-bounded PuST is situated at the 
base of the flagellar pores and runs dorsally in a somewhat helical 
course. The vacuolar reticulum of PUCT is situated at the base of the 
emerging peducle, and is made up of convoluted and closely appressed 
single-membraned-bounded tubules. In both tubular systems, fibers 
connect the opposite inner surfaces · of the tubules (arrows). 
Figure 33. PuST appears to join the posterior branch of the pusu­
lar central chamber (PuCC), whereas PuCT joins the anterior branch of 
Puce. Rows of pusular vesicles (PuV) are oriented by microtubules 
(arrowheads) and aligned with the Puce anterior branch. PuVs are of two 
types : empty vesicles and vesicles containing membrane-bounded 
organelles . 
Figure 34. The anterior and posterior branches join the main 
chamber of Puce, which lies adjacent to the cell's ventral surface and 
proximal to the stigma (St). The main chamber measures ca. 2 X 2 X 5 
urn. 

Plate 7 ,  Part II  
Page 140  
Ngo , 1 98 9  
141 
PLATE 8 .  The protruded peduncle . 
Figure 35 . Apical view of the cell ' s  ventral surface shows pro­
truded peduncle (Pe ) and emergent , posteriorly directed longitudinal 
flagellum (LF) . The peduncle ,  when protruded, has a bow-like shape (cf . 
Fig . 1 ) , 3-5 um in length and is  of variable thickness . SEM . Scale bar 
= 0 . 5  um .  
Figure 3 6 . External portion of the peduncle i s  braced with a 
microtubular band (PeMB) of 20-30 microtubules spaced ca . 25  run apart, 
that i s  curved like a bow and underl ies  the ventral face of  the 
peduncle . The peduncle i s  bound by a single membrane and fil led with 
protoplasmic materials, including many vacuoles , some of which contain 
electron-dense cores (arrow) . TEM. Scale bar = 0 . 5  um .  
Figure 37 . The peduncle emerges from the canal pore posterior to 
the pore of the LF ( cf . Fig 1 ) ., at which point the peduncle is  enve­
loped by the PuCT ( cf . Figs . 27-2 9 ,  31-32 ) . The internal peduncle 
passes near the flagellar root system and terminates at the apical end 
of the pusule (cf . Fig .  27 ) . TEM . Scale bar = 0 . 5  um .  
Figure 38 . Oblique section reveals several anchoring systems of 
the pedundle to the canal pore : a) to the right sulcal pore wall by the 
peduncle collar (PeC) , b )  to an electron�opaque sheet (arrowheads)  that 
lines the wall separating the canal pore and LF pore, and c )  to sur-
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rounding sulcal pore plates by anchoring threads ( arrows ) . TEM . Scale 
bar = 0 . 5  urn .  
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PLATE 9 .  Morphology and organi zation of stigma granules . 
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Figure 3 9-4 2 . Computer-enhanced images of non-adjacent serial 
sections of the stigma from anterior to posterior . TEM . Scale bar = 
0 . 4  um .  
Figure 3 9-40 . The stigma (St )  i s  situated behind the sulcal/LF 
pore and is composed of 2 layers , a ventral and a dorsal layer (StVl and 
StDV, respectively ) ,  of tightly packed osmophi lic granules ( StG} ( cf .  
Figs . 32-34 ,  41-42 ) . A StG, diameter 9 0-10 0  nm, commonly appears as an 
independent unit with shape ranging from hexagonal to  spheri cal , 
dependent on the plane of section . Granules between the layers may be 
connected by fibrils (StC ) , or may fuse together (branched arrow} ( cf . 
Fig . - 4 1 ) , forming a zig-zag pattern . 
Figure 4 1 -42 . In both transverse and longitudinal view , the 
stigma i s  curved at one end and hugs the contour of the LF pore ( cf .  
Figs 33-34 ) . The longitudinal microtubular root (LMR) is  wedged between 
the ventral chloroplast surface and the longitudinal pore/sulcal pore 
plate s ( cf . Figs . 3 9-4 0 ) . The stigma appears  to  be attached to the 
microtubules by fibrillar extensions (arrowheads ) .  
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PLATE 10. The apical pore complex. Scale bar = 0. 5 urn. 
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Figure 43.  Apical view of cell presents surface topography of 
apical pore complex, which consists of: a. a canal plate (CP), b. a 
plug-like apical pore plate (APP), and c. three plates of the apical 
series (Al, A2, A3). SEM. 
Figure 44-46. Non-adjacent serial sections through the apical 
pore complex from cell's right to left. TEM. 
Figure 44. Dorsal edge of the apical pore complex illustrates an 
elaborate system of vacuoles lying beneath and within the pore (cf. 
Figs. 45-49). These vacoules bear a resemblance to the tubules of the 
pusular system (cf. Figs. 5, 27-34). 
Figure 45. The AP appears urn shaped with its "neck" opening into 
a ring-like canal (APC) (cf. Fig. 44), and is capped by the apical pore 
plug (APP). The "neck" of the APC is underlain with a system of 
striated connectives, termed the striated apical pore fibers (SAF), that 
extend from the APC to the subthecal microtubule band (STM) (cf . Figs. 
47-50). The "ceiling" and "floor" of the canal are connected by 30-nm­
wide longitidunal connectives (ALC). 
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Figure 46. The canal is a circular "notch" on the inner surface 
of the thecal plates that is lined with five apical canal rings (ACR), 
designated from posterior to anterior as ACR1-ACR5. The ACRl (thick 
arrow ) is 30 nm wide and ACR2-ACR5 are 20-nm wide. The canal is ca. 60 
nm deep and ca. 60 nm wide. 
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PLATE 11 . Structural organization of the apical pore complex . 
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Figure 4 7-51 . Non-adjacent serial sections through the apical 
pore complex . _ TEM. Scale bar = 0 . 5  um.  
Figure 47 . The SAF terminates at the periphery of  the AP where it 
appears to connect to the subthecal microtubular band ( STM) . A more 
centrally located microubular band (AVM) is attached to the posterior of 
the apical vacoule system . A third type of microtubuiar band, the 
apical longitudinal microtubular band (ALM) , appears to connect STM to 
AVM. A system of smaller vacuoles abuts the central vacuoles (ACV) (cf . 
Fig. 4 4 ) . 
Figure 4 8 - 4 9 .  The SAF lies  between the vacoular membrane and 
thecal plates and extends laterally (cf . Fig . 50 ) . 
Figure 50 . The thicker SAF ( 50 nm wide )  extends to the posterior 
edge of the canal , where it i s  linked to ACRl by fibrous  connections 
( small arrows ) .  The anterior edge of the canal is  fluted . 
Figure 51 . The vacuolar system extends to  the anterior edge of 
the "neck" region . The apical canal rings are continous, even as they 
pass the suture of apical plates (arrow) . 
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Plate 12 . The spindle trichocyst . 
Figure 52-57 . Adjacent serial longitudinal sections of the mature 
"charged" spindle trichocyst . Scale bar = 0 . 4  um.  
Figure 5 2 . Mature spindle trichocyst ( Ts ) , in  its  " charged" 
state,  shows a thread-like tip (Tst ) and a paracrystalline body (Tsb)  
enclosed within a single-membraned-bounded sheath (TsSh) (cf . Figs . 53-
56 ) . TsT, composed of ca . 12 fibrils (TsTF)  extending from TsT, winds 
toward the anterior of TsSh . Three representative , non-adjacent serial 
oblique sections through TsT are presented in insets a-c (note that 
insets a-f are non-adjacent serial oblique sections of a trichocyst like 
that shown in Figs . 5 2  and 5 3 ) . Inset ( a ) . At the anterior of the 
trichocyst , a group of ca . 12 fibril s ,  2 2 -25  run wide and 7 5 0 - 9 0 0  nm 
long, i s  tightly  twi sted and contained within a sheath, 50 0 nm in 
di ameter . I nset (b ) . Tst fibri l s  ( arrows ) are loosely  coiled 
individually, and collectively form a circle with a diameter of ca . 300 
nm. The sheath has expanded to ca . 600 nm in diameter . Inset (c) . Tst 
fibril s emanate from the centrally located apical core cap ( cf .  Fig . 
53) . 
Figure 53 . The trichocyst body (Tsb) , ca . 200  nm wide and up to 1 
um in length, is  tightly woven with longitudinal and hori zontal series 
of filaments ( cf . Fig . 5 4 ) . The paracrystalline core of the Tsb is 
tapered toward the apical cap, ca . 160  diameter and 40  nm thick . Inset 
(d) . Thin section immediately posterior to the cap reveals an amorphous 
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transitional region of the · trichocyst core. Inset (e). Ts core 
exhibits a more defined structure (cf. inset c), as two series of 
filaments, with a periodicity of ca. 24 nm each, criss-cross to form a 
paracrytalline pattern. Thus, an individual "subunit" of this pattern 
appears as a square with ca. 24 nm sides. Inset (f). Typical cross 
section posterior to the apical cap and transitional region reveals that 
TS core is a square with 80 nm sides contained within the V-shaped 
tricochyst sheath. The space between the core and membrane is filled 
with "cytoplasmic" materials. 
Figure 54 . As the trichocyst is discharging, the sac membrane 
fuses with the thecal membrane forming a circular opening. The apical 
cap is ejected (arrow), releasing the core materials externally. As the 
Ts contents are extruded, the paracrystalline core degenerates. A new 
crystalline pattern of the trichocyst shaft (TsS) is formed as the 
contents contact the extracellular environment (cf. Fig. 57). TEM. 
Scale bar = 0.4 urn. 
Figure 55. The trichocyst sheath is lined on its inner surface 
with helical loops of filaments, 3-5 nm in diameter, that are oriented 
at ca. 10° to the trichocyst longitudinal axis. The helices are spaced 
ca. 25 nm apart in the Ts body (large arrows) and ca. 50 nm apart in the 
tip region (small arrows). TEM. Scale bar = 0.1 urn. 
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Figure 5 6 . When the trichocyst i s  triggered for di scharge , the 
tip fibril s  are released from the core prior to fusion of the sheath 
membrane to the thecal membrane . TEM. Scale bar = 0 . 4  um.  
Figure 57 . Negative stain preparation of discharged Ts reveals he 
trichocyst shaft (TsS) , ca . 45  nm wide,  with repeating ca . 50-nm periods 
of alternating light and dark transverse bands . Each period includes 5 
light bands (LBl-LBS )  and 4 dark bands (DBl - 4 ) .  LB2 ,  LB4 and LBS are 
ca . 6 nm, whereas LBl and LB3 are only ca . 3 nm wide . DB2 , DB3 and 
DBS are ca . 9nm wide ,  whereas DBl is  only ca . 6 nm wide . In addition, 
ca . 2 . 5-nm-wide longitudinal filament s are tightly packed (arrows ) .  
TEM . Scale bar = 0 . 4  um .  
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PLATE 13. The flask-shaped trichocyst. Scale bar = 0.3 um 
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Figure 58. The extruded flask-shaped trichocyst (Tf ) can be 
divided into three parts: the main body (TfB ) , "neck" region (TfN) , and 
the extruding "rope" (TfR) . The body sac of the extruded Tf appears 
"empty" (cf. Figs. 59-63) ,  because its contents were apparently extruded 
through the apical cap (TfcC and formed the trichocyst "rope". Negative 
stain. 
Figure 59. In its charged state, the Tf is positioned beneath the 
thecal plate. The sheath is single membrane-bound and is also laced on 
its inner surface with 3-5 run helical filaments (arrow ) ,  periodicity of 
ca. 40 run (cf. Figs. 61-62 ) .  TEM. 
Figure 60. The body of the Tf varies in size and shape, ranging 
from spherical (cf. Fig. 59) to more or less cylindrical (cf. Figs. 61-
63 ) to irregular shape. TEM. 
Figure 61-63. Adjacent serial transverse sections of the flask­
like trichocyst. The "neck" of the TF is 130-140 run in diameter, and 
80-85 run high. Tf core is electron dense and does not appear to exhibit 
crystalline pattern when examined with conventional TEM. The apices of 
the Tf core and the Tf sheath are connected by short fibrils, ca. 10-nm­
wide (large arrow) .  The sheath fibril loops of the neck-region (cf. 
Fig. 59) also extend to the Tf body (small arrows) .  TEM. 
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PART III 
STRUCTURAL ORGANIZATION OF A DINOKONT LONGITUDINAL 
FLAGELLUM : MICROARCBITECTURE AND EVOLUTIONARY 
IMPLICATIONS OF THE FLAGELLAR PARAXIAL ROD 
1.  ABSTRACT 
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The structural organization of the longitudinal flagellum (LF) and 
the mi croarchitecture of the paraxial rod (PAR) of the freshwater 
dinokont Peridinium inconspicuum Lemm. were determined, using shadow­
casting, negative staining, conventional and computer-enhanced trans­
mission electron microscopic (TEM) serial thick/thin sectioning. The LF 
can be divided into five morphological regions: tip, distal, proximal, 
transiti onal and kinetosomal. The flagellar surface is covered with 
uni lateral, nontubular mastigonemes that emerge individually. The 
flagellar skeleton consists of an axoneme, a PAR and dense bodies. The 
axoneme extends most the length of the flagellum and terminates in a 
capping structure. The PAR, a hemi-cylindrical structure, emerges from 
the axoneme in the transitional zone, and spans the proximal region. 
The PAR is composed of 500-600 hemi-cylindrical 10-nm-wide filaments, 
running obliquely to the longitudinal axis of the axoneme and parallel 
to each other. The PAR filaments are connected to axonemal doublets 7 
and 8 by sharply angled regions. PAR filaments are connected to each 
other by a 18-nm-wide PAR fibril that extends the complete length of the 
PAR, and by short, fine 3-5-nm-wide filaments that interconnect adjacent 
filaments. The center of the PAR appears to be amorphous. Striated 
structures were not observed in the PAR. A schematic three-dimensional 
reconstruction of the PAR in the longitudinal flagellum is compared with 
other publ ished, reconstructed PAR models in the Dinophyceae, 
Euglenophyceae, and Kinetoplastida. 
2 .  INTRODUCTION 
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Among the 19 supraphyletic assemblages that encompass the Kingdom 
Protista (Corliss 1987), there are only four groups that contain fla­
gellar paraxial rods, i. e. dinoflagellates, euglenoids, kinetoplastid 
zooflagellates and pedinellid chrysophytes. The phylogenetic origins 
and affiliations of all four of these groups are obscure (Corliss 1987, 
Hibberd 1986, Taylor 1980, Willey et al. 1988), and the only fairly 
established relationship is between the euglenoids and kinetoplastids . 
The euglenoids are thought to have originated as phagotrophs from 
bodonid-like kinetoplastid ancestors (Kivic & Walne 1984, Willey et al . 
1989). Although the chrysophytes are a fairly well-defined group 
(Kristiansen 1986), the family Pedinellaceae has been given a more iso­
lated position in the chrysophytes, and is even suggested to be 
completely removed from the Chrysophyceae (Hibberd 1986). Similarly, 
the dinoflagellates have occupied an isolated position in most phylo­
genetic schemes, having diverged early from the eucaryotic lineage 
(Baroin et al . 1988, Corliss 1987, Hinnebusch et al. 1981 , Lenaers et 
al . 1989, Maroteaux et al. 1985). However, when compared to other 
algal or zooflagellate groups, the apparent affiliations between the 
dinoflagellates and the euglenoids are much closer (Kivic and Walne 
1984, Taylor 1980, Triemer 1982, Willey et al. 1988). A structural and 
biochemical comparison of the flagellar paraxial rods may reveal 
additional insights into the phylogeny of these flagellated protists. 
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To date, three-dimensional structural analyses of the paraxial rod 
have been completed in two trypanosomatids [Pbytomonas dayidi (Farina et 
al. 1 986), Herpetomonas mageseliae (Cunha et al. 1984, Farina et al. 
1 986) ] , two phototrophic euglenoids [Euglena gracilis (Hyams 1 982), 
Eutreptia pertyi (Dawson 1989)] , and one dinoflagellate [Qxyrrhis marina 
(Cachon et al. 1 988b) ] . Generally, these numerical data show some 
superficial similarities, e. g. paracrystalline cylinder, angle of pitch, 
but reveal no consistent pattern. This problem is further complicated 
when striated filaments are reported in the PAR of the longitudinal 
flagellum of the dinoflagellate Qxyrrbis marina (Cachon et al. 1988b), 
but subsequent findings indicate that the longitudinal flagellum of 
Peridinium inconspicuum does not contain centrin (Hohfeld et al. 1988), 
the only protein reported from striated structures of the algae 
(Salisbury 1989). To compound the issue, the longitudinal flagellum of 
Ceratium tripos possesses both a PAR and striated filaments (Maruyama 
1982). In the hope of clarifying some apparent inconsistencies in the 
structural design of the dinoflagellate PAR, we set out to examine the 
PAR microarchitecture of £ . inconspicuum, which was selected for two 
reasons: 1). some preliminary biochemical data on its flagella are 
already available (Hohfeld et al. 1 988), 2). the microarchitecture of a 
dinokont PAR has not been examined to date. 
The present report presents the detailed structural organization 
of the longitudinal flagellum and a three-dimensional reconstruction of 
the paraxial rod in the dinokont � - inconspicuum. In addition, this 
three-dimensional reconstruction is analyzed for similarites and 
differences with other published PAR models. From these comparisons, we 
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pose two of the many pertinent questions concerning the PAR: 1) . what 
are the possible functions of the PAR in the flagella of lower protists? 
and 2). is the PAR a useful criterion in assessing the phylogeny of 
these heterokont protists ? 
3 .  MATERIALS AND METHODS 
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Observations of Peridinium inconspicuum were made on samples 
collected from North Deming Pond, Ice House Pond and Bohall Trail Pond, 
located in Lake Itasca State Park, Lake Itasca, Minnesota. Cultures of 
£. inconspicuum were kindly provided by Dr. Lois Pfeister, University of 
Oklahoma, Norman, Oklahoma. The cells were cultured and processed for 
light microscopy, scanning electron microscopy and transmission electron 
microscopy (including serial sectioning, shadowcasting, and negative 
staining) as described in Part II. Computer enhancement of TEM images 
was completed using a VAX-based Perceptics 9200 Real Time Image Pro­
cessing System at 512 X 512 pixel resolution and 8-bit gray-scale reso­
lution per pixel. Spatially filtered images were recorded on Panatomic 
X film, ASA 36, or Polaroid Type 55 P/N film. Pseudocolor-enhanced 
images were recorded on Ektachrome 100 HC film. Pseudocolor processing 
was utilized because the human eye is sensitive to a far greater range 
of varying hues than levels of gray, as in a black and white image, thus 
allowing for better visualization of fine detail in the processed image. 
Gene ral cell features 
4 .  RESULTS 
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The freshwater armoured dinoflagellate Peridinium inconspicuum is 
8-10  um wide and 10-13  um long . Its flagellar arrangement is charac­
teri zed as dinokont , with the transverse flagellum confined within the 
cingulum and the longitudinal flagellum projecting posteriorly . Video­
microscopical observations of swimming cells  indicate that the trans­
verse flagellum beat s  withi n the ci ngulum and propagate s  three­
dimensional waves ,  whereas the longitudinal flagellum propagates planar 
waves . Together, they propel the cell forward in a leiotrophical rota­
tion with the ventral surface facing the axis  of the spiral ( see Part I 
for details on general morphology) .  
Structural organi z ation of the longitudinal flagellum 
Flagellar skeleton - The longitudinal flagellum is  ca . 35-38  um 
long and may be divided into five regions : a .  the flattened flagellar 
tip , b .  the cylindrical distal portion, c .  the ribbon-like proximal por­
tion, d. the transitional zone , and e .  the kinetosomal zone ( cf . Figs . 
1 ,  2 )  (all  Figures are in the Appendix ) . The flagel lar skeleton is  
primarily composed of  a ca . 1 90-nm-wide axoneme and a ca . 1 70-nm-wide 
paraxial rod (PAR) . The typi cal eucaryotic axoneme originates from the 
kinetosome , passes through a transitional zone within the longitudinal 
pore , emerges into the canal pore, and runs to its termination at the 
flagellar tip . The hemi-cylindrical PAR emerges from the transitional 
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zone of the axoneme and forms an axomemal /PAR complex that extends the 
length of the proximal region . 
Flagellar surface appendages - The longitudinal flagellum i s  
covered with an array o f  mastigonemes ,  ca . 1 0  run in  diameter,  and 
usually 4000-5000 nm long (Figs . 4-7 ) . Permeabili zed and demembrani zed 
flagella (Figs . 3-7 ) show that the nontubular mastigoneme filaments are 
unilaterally and individually anchored to the axoneme . TEM observations 
of oblique sections showing direct connections between mastigonemes and 
the axoneme (Figs . 8 ,  9 )  suggest that mastigonemes are bound to doublet 
no . 8 .  However ,  additional data are needed to verify thi s preliminary 
observation . 
Flagellar tip The flagellar tip region, 1 0 0-200  nm wide, i s  
flattened dorsi-ventrally . At ca . 1 . 2  um from the tip apex, the peri­
pheral doublets  curve toward the central pair and terminate abruptly 
(Figs . 3 ,  5 & 7 ) . From this point ,  only the central pair continues to 
the tip and terminates at a capping complex, which consists  of a dense 
plate and a dome-shaped structure with a diamater of ca . 700  nm (Figs . 
3 , 7 ) . Di stal to the terminat ion point of the peripheral doublets , 
mastigonemes are attached to the central pair and the capping complex . 
This region, supported only by the central pair, frequently appears bent 
(Figs . 3 ,  5 ) . The termination point of the LF shows a variety of mor­
phology from blunt (Fig . 7 )  to dome-shaped (Fig . 5 )  to truncate (Fig . 
4 ) . Regardless of the variation in termination point morphology, all LF 
examined bear a tuft of 5-8 mastigonemes extending from tip apex . 
Distal portion - The distal region, ca . 6 um long and 450-470 nm 
in diameter, is the only region of the LF that is a typical eucaryotic 
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flagellum, i. e. , a 9+2 axoneme enclosed within the flagellar membrane 
(Figs. 2, 7). On its surface, an array of mastigonemes is attached to 
the peripheral doublets in an apparently unilateral fashion (Figs. 3-4, 
6-7). 
Proximal portion - The proximal portion of the LF starts within 
the longitudinal flagellar pore at the point of origin of the central 
pair of microtubules and extends to the termination point of the PAR. 
Thus, it represents a major portion of the LF, extending nearly 2/3 of 
flagellar length. The skeletal components of the proximal portion 
include a 9+2 axoneme, a hemi-cylindrical paraxial rod and intra­
flagellar dense bodies (IFB) (Fig. 2). In contrast to the cylindrical 
distal portion, which contains only the axoneme, the proximal portion is 
expanded bilaterally with the addition of the PAR and IFBs (Figs. 2, 3, 
6). Hence, it is ribbon-like, with a width of ca. 900 nm distal to the 
canal pore and tapers gradually to ca. 800 nm near the PAR termination 
point. Dense bodies are ovoid and electron dense and lie adjacent to 
the axonemal/PAR complex, but are not connected to it (Fig. 15); they 
have variable sizes and are distributed irregularly along the LF axis. 
Transitional zone - At the convergence of the canal and longi­
tudinal flagellar pore, the central pair terminates at two median disks, 
or flagellar plugs, each with a diameter of ca. 110 nm (Fig. 21). These 
disks mark the distal boundary of the 600-nm-long transitional zone 
(Figs. 21-24), which extends the length of the LF pore to the point of 
flagellar emergence from the cell, where a basal plate with a convex 
swelling spans the diameter of the axoneme (Fig. 24). 
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The flagellar pore itself resembles a long-necked flask (Figs . 23, 
24), with the distal portion of the slightly convoluted "neck" con­
verging with the canal pore and the proximal portion opening into the 
body of this flask-like pore . At least five thecal pore plates line the 
"neck" portion, whereas only the cell membrane envelopes the body. At 
the convergence of the "neck" and the "bottom" of the pore, a cyto­
plasmic electron-opaque collar encircles the flagellar pore (Figs. 23-
25, 26-28). 
At the entrance to the "neck" portion of the pore, which is only 
ca. 250 nm wide, the flagellar diameter is reduced by one third from the 
proximal portion . Between the basal plate and the median disks, the 
transitional zone is differentiated into three regions: a distal hollow 
region (ca . 100 nm long), a median fibrillar region (ca. 400 nm long), 
and a proximal hollow region (ca . 100 nm long) . The fibrillar region is 
packed with fibrillar materials, some of which form a radiating pattern 
and connect to the axoneme with some regularity (Figs . 22, 28 & 29) . 
Kinetosomal zone - Distal to the basal plate, the peripheral 
doublet s convert to triplet s and form the 60 0-650-nm-long kinetosome , 
which is anchored in the cell at an angle of ca . 10° to the LF axis 
(Fig . 25) . A spherical structure, ca . 100 nm in diameter, is appressed 
to the cytoplamic side of the basal plate and is connected to fibrous 
materials that fill the kinetosome (Fig . 24) . Below the cell membrane 
of the pore's "bottom", a cytoplasmic fibrillar system binds to the 
kinetosome (Figs . 24 & 25) . The kinetosome and its connections to the 
flagellar roots are described in greater detail in Part II . 
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Microarchi tecture of the paraxial rod 
The PAR is an internal accessory component that emerges from the 
axoneme at the transitional zone, ca . 200 nm distal to the point of 
emergence of the LF from the cell (Figs. 22-24, 27-29). In longitudinal 
section, the PAR is attached to the axoneme as it spans the complete 
length of the proximal region, 25-27 um in length. In cross section, 
its width is ca. 160 nm (Figs. 10-12, 13-15, 34-35), which is about 85% 
of the diameter of the axoneme. Thus, the PAR is a very prominent 
structural component of the LF. 
Based largely on information collected from TEM serial sectioning, 
the PAR in the LF of Peridinium inconspicuum was reconstructed (Fig. 
36). Analyses of the PAR microarchitecture indicate that it is a hemi­
cylin- der made up of 500 to 600 10-nm-wide filaments that run obliquely 
to the axoneme, but parallel to each other, with a periodicity of ca. 45  
nm. These hemi-cylindrical filaments constitute the "wall" of the PAR, 
whereas its center is filled with amorphous materials (Figs. 34, 35). 
Within this "wall", filaments are attached to a 18-nm-wide fibril (PARF) 
that runs the length of the flagellum and parallel to the longitudinal 
axis of the axoneme (Figs . 16-19, 34-3 5) . The individual filaments are 
connected to the axoneme at two points, proximally to doublet 8 and dis­
tally to doublet 7, that are ca . 270 nm apart . At the proximal connec­
tion, the PAR filament projects from doublet 8 at an angle of 13 5°, in 
relation to the longitudinal axis of the axoneme, runs a hemi-cylin­
drical path and attaches to a PAR fibril. The filament is then angled 
sharply toward axonemal doublet 7, where it is re-connected to the axo­
neme at an angle of 35°. At both axonemal connections, the filaments 
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appear to be attached to the B subfiber of the peripheral doublets by 
means of a SO-nm-long sharply angled region (Figs . 16-19 ) . In addition 
to being connected to the PAR fibril,  adjacent PAR filaments are inter­
connected longitudinally and periodically by fine 3- 5-nm-wide fila­
ments . Based on chemical fixation, no striated filaments or bands were 
detected as component s of the PAR in � - inconspicuum i n  thi s 
investigation . 
5. DISCUSSION 
Longitudinal flage llum motil ity 
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In dinokont motility, the transverse flagellum appears to be the 
primary propulsive unit, i.e. in forward displacement, and the longi­
tudinal flagellum appears to be more of a secondary propulsive unit. It 
also appears that the longitudinal flagellum acts primarily as a rudder, 
not only for directionality, but also to stabilize the cells during the 
helicoidal beat of the transverse flagellum. These statements are sup­
ported by observations of continuing forward movement of Peridinium 
inconspicuum at a relative unchanged speed after detachment of the LF. 
The modified spiralling motion of the swimming cells, generated 
primarily by the transverse flagellum (Part I ) ,  are not as stable, i. e. 
the diameter is larger and cells vibrate sideways. 
The longitudinal flagellum has also been implicated in cell 
orientation during phototactic stop response of ceratiurn cornuturn 
(Metzner 1929) and Gyrod,inium dorsum (Hand & Schmidt 1975) . If a beam 
of light is oriented perpendicular to the swimming path, the cells will 
keep turning until the stigma is facing toward the light beam. At that 
point, the LF whips its flagellum anteriorly and beats continously until 
the cell is reoriented and swims in the direction of the light. In a 
discussion on the functional and phylogenetic significance of dino­
flagellate stigma, Dodge (1984 ) theorized that the stigma directed the 
reorientation of the longitudinal flagellum through its longitudinal 
microtubular roots. Regardless of whether the stigma is the regulator 
or not, the longitudinal flagellum is utilized in directional control of 
the swimming cells. 
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Similar LF responses are observed when Ceratiurn 
hirundinella swims into debris, resulting in a change of swimming 
direction (unpublished observations). 
The flagellar tip 
Although there are a number of published studies on dinoflagel­
late flagella, the fine structure of the flagellar tip has not been 
described. This is apprarently the first examination of flagellar tip 
morphology in dinoflagellates. In the dinokont £. inconspicuum, the 
flagellar tips of the transverse and longitudinal flagella are 
structurally different. In the transverse flagellum, the axoneme 
extends to the extreme tip point, whereas the axoneme of the longi­
tudinal flagellum terminates at a distal cap, consisting of a dense 
plate and a dome-shaped structure. Only the distal portion of the cen­
tral pair actually reaches the capping structure, wheras the peripheral 
doublets terminated proximally. Termination of the central pair at a 
dense plate has been reported in spermatozoids of the brown alga, 
Phyllospora comosa, and the green algae , Chlamydomonas reinhardtii, 
Tetrahymena pyriformis, scourfeldia caeca and Chlorosarcinopsis (M0es­
trup 1982), but only the green algae also possess the dome-shaped cap. 
The flagellar tip of dinoflagellates appears spatially different from 
that in brown and green algae, however, since the central pair micro­
tubule region between the peripheral doublet termination and the capping 
structure is much longer . It should also be noted that the tips of 
both the transverse and longitudinal flagella bear a tuft of masti­
gonemes, but the tufts appear different from each other. Prior to 
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fusion of gametes,  the transverse flagellum extends from the girdle and 
contacts the longitudinal flagellum of another gamete . The two gametes 
are then pulled together and proceed with fusion . It appears that the 
gamete that capture s the longitudinal flagellum is  more active during 
mating (Xiaoping et al . 1 98 9 ) . In  brown algae the hairpoint , al so 
located at the flagellar tip, is suggested to play a role in gametic 
mating (M0estrup 1 98 2 ) . Perhaps, these tufts of mastigonemes are also 
involved in dinoflagellate gamete recognition . 
Flagellar mastigoneme s 
The mastigonemes of the longitudinal flagellum are different from 
those of the transverse flagellum ( see Part II ) , both in morphology and 
arrangement of the filaments . Thus , there are four different types of 
mastigonemes on the flagella of � - inconspicuum.  Unlike the transverse 
flagel lum, where mastigonemes are anchored to an internal fibril and 
then connected to the axoneme , the mastigonemes of the longitudinal 
flagellum are attached directly to the axoneme, either on the doublets 
or the central pair . The observations from thi s study of mastigonemes 
of the dinoflagellates indicate that they are significantly different 
from euglenophycean rnastigonemes .  
Biochemical properties of the paraxial rods 
The flagellar paraxial rod superficially resembles a cylindroid or 
hemi- cyl indroid structure , bound to the flagellar axoneme , and i s  
composed of paracrystalline-arrayed filaments . The structural and bio­
chemical information on the PAR is  slowly emerging, with biochemical 
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data collected largely from the trypanosomatids (Cachon et al . 1 988a) . 
Earl ier report s indicated that the trypanosomatid  PAR contains two 
immunologically closely related proteins of apparent molecular weights 
70-78  and 65-72 kD (Cunha et al . 1 9 8 4 ,  Saborio et al . 1 989 ,  Schneider 
et al . 1 9 8 8 , Russel l et al . 1 9 8 3 ,  Walkosz 1 9 82 ) . Similarly, two pro­
teins of MW 8 0  and 6 0  kD have been identified from the PAR of the 
euglenoid  Euqlena gracilis ( Hyams 1 9 82 ) . Furthermore ,  Gal lo  and 
Schrevel ( 1 9 8 5 )  demonstrated that the two PAR proteins of E . qracilis 
are immunol ogically related to the trypanosomal PAF proteins . More 
recently , Rossiere and Bouck (personal communication) showed that anti­
bodies rai sed against PAR proteins of E . gracilis cross-reacted with 
PARs in a number of euglenoids , including Colacium and Disticmia . A 
significant step in our understanding of the PAR is  the recent sequen­
cing of two identical,  tandemly linked genes coding for the PAR protein 
in Trypanosoma brucei ( Schlaeppi et al . 1 9 8 9 ) , result s demonstrating 
that the PAR protein i s  a single protein of 600  amino acids with high 
hel ical content s .  This PAR protein can assume two distinct configura­
tions of  MW 73  and 6 9  kD , whi ch led to previous report s of two PAR 
proteins . Furthermore , it appears that the PAR proteins represent a 
novel class  of cytoskeletal protein,  whi ch shares some biochemical 
similarities with intermediate filament proteins (Schlaeppi et al . 1989 )  
and the spectrin protein (Schneider et al . 1988 ) . 
Structural comparison of the paraxial rod 
As structural information on the paraxial rod i s  emerging, it 
appears that specific measurements of PAR subcomponents,  i . e .  si ze, 
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spacings , number of sheets and connections , are too inconsi stent to 
allow a tenable compari son of PARs among different groups . A possible 
cause of these inconsistencies is the difficulties in the interpretation 
of electron micrographs of different thickness and orientations . For 
example,  the continous PAR filaments of � - inconspicuum that run a hemi-
cylindrical path were originally interpreted as two series of indepen­
dent filaments, oblique and horizontal , due to the planes of sectioning . 
In contrast , a comparison of only the overall morphology of the PAR, 
e . g .  general shape and spatial relationship with the axoneme, provides a 
more coherent and natural analysis . 
Other than thi s report on the dinokont Peridinium inconspicuum, 
the detailed microarchitecture of the paraxial rod is  known only in the 
opisthokont Qxyrrhis marina (Cachon et al . 1 9 8 8b ) . Although there are 
some rudimentary similarities between the PARs of these two organisms, 
there are al so some subtle differences . Both PARs are hemi cylinders 
with a "hole"  in the center , and extend only within the proximal two­
thirds of the flagellum . Both structures have a longitudinal sub­
compone nt that is situated at a similar location within the PAR wall ,  
termed PAR fibril  in thi s study and dense plate in  Cachon et al . 
( 1 9 8 8b ) . However, the PAR in Q .  marina is  bound to only one doublet 
( no . 4 ) , whereas in Peridinium, it is  attached to two doublets (no .  7 
and 8 ) . Oxyrrhis marina al so has a lateral v-shaped PAR structure 
hooked to two doublet s  ( no . 5 and 6 ) , whi ch i s  not found i n �­
inconspicuum. Near the emergence of the longitudinal flagellum of Q .  
marina, both structures are not differentiated and appear as a single 
PAR component . At this region, the PAR of Q.  marina is  most similar to 
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the PAR of £. inconspicuum . Although, Cachon and coworkers reported 
striated filaments in the PAR of Q. marina, we did not observe any such 
striations in £. inconspicuum. 
In comparing the reconstructed PAR models of the dinoflagellates, 
Peridinium inconspicuum and Qxyrrhis marina, to those reported for the 
euglenoids, Euglena gracilis (Hyams 1982) and Eutreptia pertyi (Dawson 
19 89), the PAR of E..... gracilis appears more similar to the dino­
flagellates than does the rod in E. pertyi . Each emergent flagellum of 
both L qracilis and E. pertyi contains a paraxial rod, whereas a PAR is 
not present in the non-emergent flagellum of L qracilis . A common 
characteristic of the PAR shared by L gracilis, £. inconspicuum, and o. 
marina is a center hole, whereas the PAR in the F2 of E - pertyi is solid 
and filled with 7-8 longitudinal plates. However, the PAR in the Fl of 
E . pertyi is differentiated into two circular zones, where the inner 
zone appears amorphous. In the euglenoids, the PAR appears to extend 
the complete length of axoneme (Dawson 1989, see Figs. 1, 17, 1 8  of 
Hyams 1982) . The PARs in kinetoplastids appear more similar to the PAR 
in the F2 of E .  pertyi, i. e being a somewhat solid cylinder filled with 
longitudinal and horizontal plates (Cunha et al. 1984, Desouza & Souto­
Padron 1980, Farina et al. 1986). In the trypanosomatids, the PAR 
emerges from within the reservoir or just outside the flagellar pore, 
e.g. Trypanosoma cruzi (Desouza 1984) , and runs the complete length of 
the flagellum. On the other hand, the PAR of most bodonids, e. g. Bo.do, 
Rhynchomonas (Burzell 1975, Swale 1973), terminate at the proximal two­
thirds of the flagellum. 
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The p araxial rod i s  not a s s oci ated with centri n-mediated 
cont racti on 
In their comprehensive review of the paraflagellar rod, Cachon et 
al. (1988a) suggested that it may be directly involved in flagellar 
beating, due to : 1). ATPase triphosphate activity was localized in the 
PAR of E. gracilis (Piccinni et al. 1975), and 2) striated filaments 
were observed in the PAR of Q. marina that resemble the algal striated 
rootlets (Cachon et al. 1988b). In our examination of the PAR in £. 
inconspicuum, we noted "striations" of PAR filaments similar to those 
shown in electron micrographs of Q. marina (Cachon et al. 1988b). 
However, we interpreted these striations as superimposing images of thin 
PAR filaments, 10 nm in diameter, in thick or thin sections, 80-150 nm 
thick. That the PAR of £. inconspicuum does not contain striated 
filaments is supported by the reported absence of centrin in the 
longitudinal flagellum (Hohfeld et al. 1988). The presence of rootlet­
like striated filaments in the PAR of Q. marina needs additional 
biochemical confirmation. Similarly, the report of residual nondyneinic 
ATPase in the PAR of �- gracilis (Piccinni et al . 1975 ) requires 
additional confirmation, particularly by use of a labelled molecule that 
is more specific for ATPase. However, ATPase activity in the PARS that 
contain spectrin-like proteins is not unreasonable, since spectrin has 
been shown to stimulate actomyosin ATPase, a character that possibly 
arises secondarily from spectrin's ability to cross-link actin filaments 
(Coleman et al. 1989). Nevertheless, it is highly unlikely that the PAR 
is a contractile structure that mediates flagellar motility, in a 
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similar manner to the paraxonemal fiber of the transverse flagellum, or 
striated rootlets. 
The paraxial rod as a structural supporter of the flagellar 
skeleton 
Although the information on the PAR is still meager at this point, 
several lines of evidence suggest that it acts primarily as a mechanical 
supporter of the flagellar framework, specifically the axoneme: 1) two 
spectrin-like proteins were isolated with apparent molecular weights of 
180 kD and 200 kD from the PAR of Trypanosom,a brucei (Schneider et al. 
1988) . In human erythrocytes, spectrin is the major cytoskeletal pro-
tein that forms a two-dimensional hexagonal lattice lining the inner 
surface of the plasma membrane (Branton et al. 1981, Marchesi 1985). 
The spectrin network appears to support the membranes and mediates the 
association of other cytoskeletal components (Bennett et al. 1988, Cole­
man et al. 1989). Subsequently, spectrin and spectrin-like proteins 
have been discovered fran membrane skeletons of nonerythroid cells, i. e .  
brain cells (Davies & Klee 1981), and protistan cells, i. e. ameboids and 
euglenoids (Marrs & Bouck 1988, Pollard 1984). 2) The genes coded for 
the PAR protein of Trypanosoma brucei have been isolated and sequenced 
(Schlaeppi et al. 1989). Although the PAR protein represents a novel 
class of cytoskeletal proteins, it has some biochemical similarities, 
i. e. solubility properties, amino acid composition and high degree of 
helicity, to the intermediate filament proteins (Schlaeppi et al. 1989). 
The main proposed function of the intermediate filaments is to 
mechanically connect peripheral and central parts of cells, thus serving 
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more as a cellular connective network (Bershadsky & Vasiliev 1988). 3) 
The PAR is a fairly "fixed" structure within the flagellum, i. e .  the 
individual PAR within each flagellum has a fixed periodicity, pitch, and 
attachment to the axoneme, with the exception of E.  gracilis (see Table 
I in Cachon et al. 1988a, Table 3.4 in Dawson 1989). The pitch angles 
of PAR filaments are uniform, ca. 45°, in a number of PAR-bearing 
flagellates: Peridinium inconspicuum (current study), Qxyrrhis marina 
(Cachon et al. 1988b), Euglena gracilis (Hyams 1982), Eutreptia pertyi 
(Dawson 1989), Herpetornonas megasieliae (Farina et al. 1986), Phytomonas 
dayidi (Farina et al. 1986), and Crithidia fasciculata (Russell et al. 
1983). In relation to the axonemal axis, the PARs of Peridinium incon-
spicuum, Qxyrrhis marina , Herpetomonas megasieliae , and Phytomonas 
dayidi are fixed to a designated doublet, or doublets. 4). A flagel-
lum containing a structurally developed PAR is typically not the primary 
propulsive unit of the cell , e. g. longitudinal flagellum of dinoflagel­
lates and F2 of euglenoids, since the PAR is apparently not associated 
with flagellar propulsive motility (see below). 
The paraxial rod does not actively direct propulsive motility 
Based largely on a report of presumed ATPase activity in the PAR 
of Euglena gracilis, the PAR has been suggested to actively participate 
in flagellar beating (Piccinni et al. 1975). Although the presence of 
ATPase in the PAR is still questionable, emerging evidence suggests the 
opposite view, that the PAR is not involved in direct modulation of 
flagellar motility. First, the PARs are usually located in flagella that 
are not the primary propulsive unit of the cell. In dinoflagellates, 
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the longitudinal flagellum contains only the PAR and the transverse 
flagellum accommodates only a PAF. The primary propulsive unit in 
dinoflagellate motility is the transverse flagellum, whereas the 
longitudinal flagellum is used in directing swimming, phototrophic 
response and some propulsion. Second, PARS located in flagella that are 
the primary propulsive units appear microarchitecturally less developed. 
An example is E .  pertyi ,  in which the main locomotory unit is the 
dorsal Fl flagellum, and the ventral F2 flagellum plays more of a 
supportive role. Microarchitecturally, the PAR2 appears much more 
complex, with longitudinal and horizontal plates, and the PARl is less 
defined and contains an amorphous center {Dawson 1989). Similarly, in 
E. gracilis, the PAR of the only propulsive unit, the Fl flagellum, 
appears relatively simpler than the PAR2 of � - pertyi . Third, 
trypanosomatids without flagellar PAR exhibit motility patterns similar 
to species that contain a PAR. In a number of trypanosomatids 
containing endosymbiotic bacteria, e. g. Crithidia oncopelti (Burnasheva 
et al. 1968), Blastocrithid,ia culicis, Blastocrithid,ia sp. , crithidia 
deani, and Crithid,ia sp. (Desouza 1984, Freymuller & Camargo 1981), the 
flagella lack the PAR. However, the wave patterns of beating flagella 
of c. oncopelti and c .  deani are similar to those closely related 
species containing a flagellar PAR {Goldstein et al. 1970, Johnson et 
al. 1979). 
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The PAR compromises the potential maximum velocity of 
flagella 
Not only does the PAR not appear to assist in flagellar motility, 
but theoretical considerations of the undulating drive mechanism of 
eucaryotic flagella also suggest that the addition of the PAR reduces 
the maximum velocity of the eucaryotic flagellum . In a mathematical 
approximation of propulsion in sea-urchin spermatozoa, Gray and Hancock 
(1955) treated the flagellum as a cylinder with velocity Vl along its 
length and Vn at right angles to the axis of the cylinder, with the 
flagellar force expressed in terms of surface coefficients of force: 
Fl = - Cl Vl L (1 )  
Fn = - Cn Vn L (2)  
where F l  and Fn  are forces along the axis and normal to it, 
respectively; Cl and Cn are axial and lateral force coefficients; L 
is the length of the flagel lum. For a long cylinder, like the 
flagellum, the axial and lateral force coefficients are expressed as : 
Cl = 2 n / ln ( 2 L / R 0 . 5) ( 3) 
Cn 2 Cl ( 4 )  
where r is the radius of the flagellum and n is the viscosity of the 
medium . Let us assume that we have two flagella of equal length (10 
um), where Fl is a typical eucaryotic flagel lum and F2 is a modified 
flagel lum with an addition of a PAR. Since Fl contains only the 
axoneme, we can assume that it has a diamater of ca . 200 nm . In F2, 
since we are adding a PAR with a diameter of ca . 160 nm, and packing 
space, the diameter is ca. 400 nm. In addition, we can assume that the 
viscosity is constant and drop this value from the equations . 
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Application of these values to the axial force coefficient equation ( 3 )  
should yield: 
Cl (Fl ) = 0 . 43 
Cn (F2 ) = 0 . 51 
Application of these values to equation 1 should yield : 
Vl (F2 ) / Vn (Fl ) = 0 . 84 = 84% 
Thus , the addition of a PAR appears to reduce flagellar maximum velocity 
to ca . 8 4 %  of its original value . It should be emphasi zed that these 
equations are derived from a cyl indrical flagellum, whereas a cross 
section of a flagellum containing the PAR typically appears more as an 
oval of Cassini ( shape of a figure 8 ) . 
Proposed functions of the flagellar paraxial rod 
So far, it appears that the PAR is involved neither in flagellar 
contraction nor propulsion, but physically reduces the flagellar velo­
city . Spatially, the PAR is a voluminous addition to the flagellum and 
modifies the general morphology of the flagellum in two ways : 1 )  late­
ral addition of the PAR causes lateral folding, thus producing a central 
ridge that runs longitudinally, 2 )  increases the surface area of the 
flage l l um .  Why woul d any flage l lated proti st s po ssess  such an 
apparently cumbersome structure? 
A general overview of the prot i st s  contai ni ng a PAR, i . e .  
kinetoplastids, euglenoids, dinoflagellates, indicates that these mostly 
heterotrophic organisms are dependent on the extracellular environment 
for their source of foods and nutrients . Athough some members of the 
euglenoids and dinoflagellates are phototrophic, strict autotrophy is 
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rare in both groups . Osmotrophy and phagotrophy have been reported in 
all three groups . Thus , these organisms must develop modes to maximi ze 
nutrient uptake for survival . In all three groups , nutri ent-uptake 
activit ies  primarily  occur in  the flage l l ar reservoir s . In  the 
euglenoids , alveolate vesicles at the posterior of the re servoir are 
imp l i cated i n  pinocytot i c  uptake ( Kivi c & Ve sk 1 9 7 4 ) . In the 
dinoflagellates, the pusules, located at the base of the flagellar pore, 
are the primary sources of macromolecular uptake (Klut et al . 1 9 87 ) . In 
most cases ,  the cell  must rely on a natural flow of fluids carrying 
nutrients and foods into the reservoir . As the only projection from the 
reservoir into the environment , the flagellum may play a role in  in­
creasing the fluid flowing into the reservoir .  I f  so , then a flagellum 
modified with a central ridge and increased surface area should enhance 
the flow of fluid toward the interior . We suggest that the PAR serves 
as a structural reinforcer in the modified flagellum, and ultimately 
enhances nutrient uptake in heterotrophic flagellated proti st s . An 
indirect line of evidence that supports this hypothesis can be found by 
examination of the organisms within these groups that do not contain a 
PAR . In the kinetoplastids , only four species of Crithidia and Blasto­
crithidia lack a PAR, and the se four species contain endosymbioti c 
bacteria in the cytoplasm ( see above ) . In a number of eucaryotic sys­
tems, endosymbiotic bacteria have been reported to provide nutrients to 
the host cell ,  e . g . Amoeba . In the dinoflagellates , the PAR i s  absent 
only i n  two parasitic  speci e s ,  Solenodinium fallax and synidium 
globiforme ( Hollande 1 97 4 ) , and in  a free-l iving spe cies ,  ceratium 
hirundinella (Dodge & Crawford 1 970 ) . These parasitic species are found 
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in cells of the radiolarian Thallassicola (Cachon & Cachon 1987) , where 
nutrients are not likely to be a limiting factor. On the other hand, 
the gonyaulacoid Ceratium hirundinella is commonly found in oligotrophic 
lakes, where nutrients are usually limiting. However, the ventral sur­
face of this armoured dinoflagellate has a large invagination that 
leads to a large ventral chamber, where the flagellar pore is located. 
Thus, it appears that there is a considerable flow of extracellular 
fluids into the flagellar pore (Dodge & Crawford 1970 ) . It should be 
noted that the reported absence of PAR in � - hirundinella is currently 
being re-evaluated (Cachon, personal communication) . 
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APPENDIX 
PLATE 1 .  Longitudinal flagellum of Peridinium inconspicuum. 
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Figure 1 .  Schematic drawing of the longitudinal flagellum (LF ) . 
The LF may be divided into five regions : a .  the flagellar tip, b .  the 
cylindrical distal portion, c .  the ribbon-like proximal portion, d .  the 
transition zone , and e .  the kinetosome . 
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PLATE 2. Organization of the longitudinal flagellum. 
Figure 2. External portion of LF is composed of regions a, b, c 
(cf. Fig. 1). The axoneme (Ax ) runs most of the length of the flagellum 
and terminates ca. 1. 2 um from the tip, into which only the central pair 
of tubules extend. The paraxial rod (PAR) is restricted to the proximal 
region. Intraflagellar dense bodies (DB) are distributed along the PAR 
side of the flagellum. Shadowcast. Scale bar = 2 um. 
Figure 3. Demembranized flagellum reveals the flagellar skeleton 
which consists of an axoneme, a paraxial rod, and intraflagellar dense 
· bodies. The PAR and dense bodies lie adjacent to the axoneme within the 
proximal region (c). The tip (a) is supported by the central pair 
tubules that curve and terminate at a dense plate (small arrow), which, 
in turn, attaches to a ball-shaped structure (arrowhead). Mastigonemes 
(Ma) are attached to the axoneme and the tip structures. The double 
bars on the collage indicate nonadjacent portions of the flagellum. 
Ne gative stain. Scale bar = 2 um. 
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PLATE 3. Flagellar tip morphology and mastigoneme arrangement. 
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Figure 4. From this permeabilized, truncated flagellar tip, an 
array of nontubular mastigonemes (arrows), ca. 10 nm in diameter and 4-5 
um in length, emerges. Negative ·stain. Scale bar = 0. 1 um. 
Figure 5. The flagellum diameter is reduced from ca. 400 nm in 
the distal portion to ca. 100 run in the tip region (arrow), which is 
composed of a proximal portion that follows the more rigid contour of 
the axoneme, and a distal portion that is bent and terminates in a dome­
shaped tip. Negative stain. Scale bar = 0. 4 um. 
Figure 6. Mastigoneme filaments, anchored as individual units on 
the flagellar membrane, are presumbably connected to the axoneme (cf. 
Figure 2). Negative stain. Scale bar = 0. 1 um. 
Figure 7. A collage of different portions of a permeabilized 
flagellum exemplifies mastigonemes arising predominantly from one side 
of the proximal region (c), whereas in regions a and b, hairs are 
observed on both sides. Partial digestion of the tip and distal regions 
(a/b) shows the tapering of peripheral doublets (arrows) and the 
continuation of the central pair to the dome-shaped capping structure. 
Negative stain. Scale bar = 0. 4 um 
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PLATE 4. Flagellar mastigonemes and paraxial rod. 
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Figure 8. Along the length of the proximal region where PAR is 
connected to the axoneme, a mastigoneme appears to bind to the flagellar 
membrane (arrows) and to be attached to an axonemal doublet by means of 
fibrillar connectives. TEM. Scale bar = 0. 2 um. 
Figure 9. Mastigoneme filament appears to emanate from the same 
axonemal doublet as the paraxial rod (arrow). TEM. Scale bar = 0. 2 um. 
Figures 10-12. Adjacent serial sections through PAR. TEM. Scale 
bar = 0. 4 um. 
Figure 10. _Section farthest from the axoneme shows the edge of 
the PAR. The PAR is composed of a series of parallel 10-nrn-wide 
filaments with a periodicity of ca. 40nm. 
Figure 11. Section through the center of the PAR reveals a core 
made up of amorphous materials (arrowhead). The surrounding filaments 
are connected to a fibril (PARF) that runs longitudinally. 
Figure 12. Section through the junction of PAR and axoneme 
exhibits two series of PAR filaments (small arrows) oriented at 45° and 
135° to the longitudinal axis of the axoneme and connected to the PARF. 
In addition, the 135° filaments connect to the inner side of one 
axonemal doublet. 
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PLATE 5. Paraxial rod (PAR) in the proximal region. 
Figures 13-15. Adjacent serial longitudinal sections through LF. 
TEM. Scale bar = 0.3 urn. 
Figure 13. Section through the side of axoneme closer to the 
membrane shows relationship between the PAR and axoneme. The typical 
"9+2" axoneme lies on one side of the flagellum and runs the 
longitudinal axis of the flagellum. The PAR appears to be connected to 
two adjacent peripheral doublets (arrows). 
Figure 14. Diameter of the axoneme and PAR are approximately the 
same (ca. 160 run ) . Each PAR filament (arrows) is connected to the 
axoneme at a proximal location (arrowhead), from which it emerges at an 
angle of 135°. The filament extends for ca. 200 nm before looping back 
to connect to the axoneme at a point ca. 270nm distal to the first 
connection (cf. also Figs. 17, 18) . 
Figure 15. Section shows the axonemal side opposite to that shown 
in Fig. 12, and the intraflagellar dense body (arrow), which does not 
appear to be connected to the axonemal/PAR complex. TEM. Scale bar = 
0.3 um. 
Figure 16-19. Adjacent oblique sections of the longitudinal 
flagellum. TEM. Scale bar = 0.3 urn. 
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Figure 16.  The PAR filament is connected proximally to the 
axoneme by a ca. 50-nm-long sharply angled region (arrow) , and appears 
to bind to the B subfiber of the peripheral doublet. From thi s region, 
the filament runs di stally and connects in a similar fashion to the PAR 
fibril (cf. Fig. 17 ) .  
Figure 17. The PAR filament is bound distally to axonemal doublet 
no. 7 .  The 10-nm-wide PAR fi laments are interconnected by finer 3-5-nm 
filaments (arrow) . 
Figure 18 . The center of PAR is  devoid of any filament s (arrow) 
and fil led with amorphous material s .  The di stal connection o f  PAR 
filament to the axoneme is al so sharply angled (cf. Fig. 15) . 
F i gure 19 . PAR filament ( smal l  arrow s )  emerge s proximal to 
axonemal doublet no. 8 (cf. also Figs.  12, 13) , runs a hemi-cylindrical 
path toward the PAR fibrils (large arrow ) , at which point the filament 
is  angled back toward its di stal connection to doublet 7 ( cf. Figs. 1 5-
17 ) .  
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PLATE 6. The transitional region and kinetosome. 
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Figure s 20-25. Computer-enhanced images of longitudinal serial 
sections of the LF from proximal to transitional and basal body regions. 
TEM. Spatially filtered algorithm. Scale bar = 0 . 2 um. 
Figure 20 . Section of LF di stal to the flagellar pore shows the 
PAR fibril , PAR center (arrowhead) , and PAR filaments (arrows ) attached 
to axonemal doublet number 7 .  
Figure 21. At the opening of the canal pore , the central pair of 
the axoneme terminates at 2 upper median disks ( arrows ) ,  that mark the 
beginning of the transition zone, which appears to be hollow immediately 
below the disks. 
Figure 22. The diameter of the flagellum is  reduced by one third 
(arrowhead) as it enters the longitudinal flagel l ar pore.  At thi s 
poi nt ,  the axoneme i s  not hol low,  as an array of fibrous components 
radiate from its doublets (arrows ) .  
F i gure 23. Within the l ongitudi nal flagel lar pore , the PAR 
filament retains its hemi-cylindrical projection (arrows ) ,  although the 
di ameter of  the PAR hemi - cy l i nde r i s  reduced ( cf .  F i g. 21) . 
Approximately 20 0 - 30 0  run fro� the point of emergence of the LF , the 
transitional region does not contain fibrillar components and appears 
hollow. 
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Figure 24. At the point where the flagellum emerges from the 
cell, a basal plate with a convex swelling fills the transition zone. 
Proximal to the basal plate, a spherical structure is connected to a 
helical 30-nm strand (small arrows). At the convergence of the 
transitional and kinetosomal regions, a cytoplasmic fibrillar system 
binds to the axoneme (large arrows). 
Figure 25. The kinetosome, oriented at ca. 10° from the 
longitudinal axis of the axoneme and transitional zone, is surrounded by 
portions of the complex pusular system. 
@ 
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PLATE 7. Oblique views of the transitional zone. 
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Figure 26-33. Computer-enhanced images of adjacent serial oblique 
sections of the transitional region. TEM. Spatially filtered algo­
rithm. Scale bar = 0. 2 um. 
Figure 26. Section though the proximal hollow zone of the 
transition region (cf. Fig. �2) shows the semi-cylindrical shape of the 
longitudinal flagellum and the corresponding contour of the · longitudinal 
flagellar pore. Ventral to this pore is the larger sulcal pore, through 
which the peduncle (arrow) emerges. 
Figure 27. In the fibrillar region of the transitional zone of 
the axoneme (cf. Fig. 22), the wall of the flagellar pore comprises five 
pore plates. With the appearance of the first PAR filament (arrow), the 
flagellum is more triangular (cf. Fig. 25). 
Figure 28. The first PAR filament (shown in Fig. 26) attaches to 
axoneme (arrow). 
Figure 29. At the convergence of the flagellar pore with the 
sulcal pore, the PAR is more elaborated with an increasing number of 
hemi-cylindrical filaments, and the flagellum expands laterally to a 
ribbon-like shape (cf. Fig. 27). The fibrils of the transitional zone 
radiate and connect to the doublets (cf. Fig. 21). 
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Figure 30. At the entrance to the sulcal pore, the longitudinal 
flagellum lies adjacent to the released peduncle. The PAR fibril 
(arrow) runs parallel to the axoneme. 
Figure 31 . The diameter of the hemi-cylindrical PAR gradually 
increases as the ribbon-like flagellum expands in width. The expansion 
of the flagellum seems to introduce a folding of the two edges to form a 
groove in the flagellum (arrows). Portion of the median disks can be 
detected in the axoneme. 
Figure 32. As the central pair appears in the axoneme, the 
flagellar volume is expanded further with the addition of intraflagellar 
"cytoplasm" (arrow) that surrounds the axonemal/PAR complex (cf. Fig. 
21). 
Figure 33. The skeleton of the LF proximal region is composed of 
a 9+2 axoneme, and a hemicylindrical PAR connected to axonemal doublets 
7 and 8 ( arrows) . 
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PLATE 8 .  Spatial organization of the paraxial rod . 
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Figure 3 4 -35 . P seudocolor-enhanced images of the fl agel lar 
paraxial rod as viewed on split screen . TEM . Scale bar = 0 . 3  urn. 
Figure 34 . Images of adjacent serial oblique sections from Figs . 
18 and 1 9  show more clearly the arching of PAR filaments as they extend 
from the axoneme and the amorphous appearance of the center .  
Fi gure 3 5 . Computer-enhanced images of  adj acent serial 
longitudinal sections show more vividly the spatial relationship of PAR 
and axoneme within the LF . TEM. Scale bar = 0 . 3  urn 
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Reconstruction of the paraxial rod in the longitudinal 
Figure 36. Schematic three-dimensional reconstruction of the 





Ultrastructural characterization of the phototrophic dinokont 
Peridinium inconspicuum shows that the vegetative cell has a relatively 
complex cellular organization. The cytoskeleton of this organism is 
well developed, consisting of microtubules (Mt) and "striated" 
contractile systems. The microtubular skeleton includes: subthecal 
network, peduncle microtubules, apical pore microtubules, flagellar root 
microtubular bands and flagellar axonemes. The "centrin"-mediated 
system is composed of the apical pore fibrous · complex, flagellar 
striated roots, flagellar and peduncular striated collars, and the 
paraxonemal fiber complex. Cellular motility is generated mostly by the 
contractile transverse flagellum, steered mostly by the PAR-containing 
longitudinal flagellum, and appears to be mediated by the flagellar root 
system and stigma in concert. The propulsive transverse flagellum 
contains several accessory components, in which the most important is 
the centrin-mediated three-membered paraxonemal fiber . The tranverse 
flagellum is protected within the cingulum, whereas most of the 
longitudinal flagellum beats freely . The most prominent accessory 
component of the longitudinal flagellum is the paraxial rod, which 
appears to serve as a flagellar structural supporter and also increases 
the surface area of the flagellum. Thus, the longitudinal flagellum is 
involved primarily in steering the cell. 
Although it is mainly a phototroph, Peridinium inconspicuum 
contains a number of organelles that are supposingly involved in 
phagotrophy, i.e peduncle, microtubular basket, and a food vacuole. In 
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addition, its cellular design includes a five-chambered pusular system 
that have been implicated in cellular uptake of macromolecules. The 
pusule, and possibly also the apical pore complex, is apparently also 
involved in osmo-regulation of the cell. In addition, the propulsion of 
the transverse flagellum in the cingulum, and the beating of the 
laterally expanded longitudinal flagellum appears to direct a flow of 
water and nutrients toward the sulcal region. On the other hand, the 
cell appears to have a "defensive" mechanism to avoid being eaten, i :e. 
by discharging its loaded battery of spindle and flask-shaped 
trichoscysts. The apical pore complex also may be involved in relaying 
signals to avoid predators upon contact. Thus, the £. inconspicuum cell 
appears very suitable for survival in a heterotrophic environment, i. e .  
as an autotroph, a possible predator and as poor prey. 
Comparision of the PAR structural organization of dinoflagellates, 
euglenoids, and kinetoplastids shows that they share many similarities 
in their basic microarchitecture, i.e. a cylinder made up of a series of 
fine filaments that are attached to the axoneme and that modify and 
reinforce the shape of the flagellum. Although there are some 
structural differences among the PAR, the differences appear to 
correlate more with the type and primary function of the flagellum than 
to the individual taxa, e.g. PAR2 of the euglenoid Etreptia pertyi is 
most similar to those of trypanosomatids, but PARl is more similar to 
that of the euglenoid Euglena gracilis and the dinoflagellates Q. marina 
and £. inconspicuurn. The current data on the PARs of these diverse 
flagellates suggest that they are most likely derived from a common 
origin, and that the evolutionary development of the PAR was dependent 
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primarily on the functions of the individual flagellum. Thus, it may 
possibly serve as a homologous character in assessing the phylogeny of 
the lower protists, particularly in support of the proposed relationship 
of the euglenoids and kinetoplastids. However, additional structural, 
biochemical, and molecular characterization is needed to assess the 
phylogenetic relationships of the dinoflagellates to the Euglenozoa . 
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